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Abstract 
Worldwide the resources for mineral fertiliser are diminishing. Growth of healthy, high-
yielding crop plants requires a stable input not only of nitrogen and phosphorus, but also of 
sulfur (S). In natural ecosystems, nutrient cycling is mainly mediated by soil microorganisms, 
and much research is devoted to optimisation of microbial nutrient cycling for agricultural 
ecosystems. Several rhizosphere microorganisms are able to mobilise plant-unavailable soil 
S, and two bacterial genes that may be involved in the process are atsA, which encodes 
arylsulfatase, and ssuD which encodes alkanesulfonate monooxygenase.  
This study investigated the impact of agricultural practices on the overall rhizosphere 
microbial community and on functional diversity of S-mobilising organisms. Five wheat 
genotypes with different root-structures were inoculated with different strains of Azospirillum 
brasilense to determine the influence of wheat genotype and inoculation treatment in a 
continuous wheat field trial at Narrabri, New South Wales (Australia). Pot trials with vertisol 
soil from the field-site were carried out to investigate the effect of wheat variety and different 
inoculation treatments under controlled conditions. For the analysis of the ssuD gene diversity 
degenerate primers were designed and tested for specificity through cloning and sequencing. 
Both exploratory NMDS-Analysis and redundancy analysis (RDA) of fingerprinting profiles 
obtained by T-RFLP (Terminal restriction fragment length polymorphism) showed that wheat 
variety has a significant (p< 0.05) impact on the ssuD gene diversity in the rhizosphere. No 
significant wheat-genotype related effect could be found for the rhizosphere diversity of 
the16S rRNA gene. A comparison of two crop rotations, (field pea/sorghum/wheat or Indian 
mustard/sorghum/wheat) also showed clear differences between the 16S rRNA gene and ssuD 
II 
 
gene diversity in the two treatments. In addition, an effect of the interaction between crop 
rotation (field pea-sorghum-wheat and mustard-sorghum-wheat) and two different N fertiliser 
levels was found on ssuD gene diversity but not on overall bacterial diversity. These findings 
indicate that cropping measures, including plant genotype, rotation and N-fertiliser level 
influence not only overall bacterial, but also ssuD gene functional diversity. This study proves 
that changes in ssuD gene functional and overall bacterial diversity are not congruent, thus 
pointing out the importance of a detailed analysis of the functional microbial diversity 
involved in nutrient cycling.  
Furthermore major environmental drivers correlated with ssuD gene diversity in wheat and 
canola rhizospheres across NSW and Victoria were assessed with T-RFLP fingerprints.  
The information about treatment-related changes, and geographical changes in ssuD gene 
diversity offers the first information that sulfonate-mobilising communities in soil can be 
influenced. Furthermore the development of ssuD degenerate primers for pyrosequencing 
approaches offers a tool to identify key organisms and to measure their behaviour in 
rhizospheres and impact on plant nutrition. 
Optimising farm management by taking into account the genetic potential of rhizosphere 
microorganisms can help to tailor more resource-efficient crop production systems. 
 
  
 
 
 
 
III 
 
Acknowledgements 
Special thanks to Dr Michael Kertesz for project supervision, guidance, patience and 
feedback. 
Thanks to Dr Rosalind Deaker, Kazi Rashid and Graeme Rapp for providing me with 
rhizosphere samples from field trials and for sharing information about the field trials.   
Special thanks to Dr Akitomo Kawasaki for guiding me through the beginning of my work 
with techniques in molecular microbiology, and to Dr Katarzyna Safianowicz for teaching me 
the principles of the statistical software R and for her help in writing the scripts, necessary for 
the statistical analysis.  
Thanks to Dr Ryan Thomas Jones for providing me with DNA from his biogeography project. 
I also thank Dr Neil Wilson for his technical advice. 
Furthermore I want to thank people at the PBI in Cobbitty for letting me work in their 
molecular laboratory, and for assistance with the greenhouse trials.  
I am grateful to the GRDC (Grains Research & Development Corporation) for financial 
support.  
Thanks to Professor Volker Roemheld and Dr Guenter Neumann for having been an 
inspiration and encouragement to start this project. 
Thanks to Nolan Gruesser for his help and advice with the construction of the mesocosms. 
A huge thanks family, in particular to my mother and to Silvia Gruesser-Eppler. Thanks to 
my children Ella and Iivo for their growing understanding and empathy, and thanks to Noé 
Efira for his encouragement and personal support. 
Thank you to Isabella Lesslie for proofreading this Thesis and suggesting corrections.  
 
IV 
 
Abbreviations & Acronyms 
 
ABA   abscisic acid 
ABC   ATP-binding cassette 
ATP   adenosin triphosphate 
Amp   ampicillin 
ANOSIM  analysis of similarities 
ANOVA  analysis of variance 
BLAST   basic local alignment search tool 
BNF   biological nitrogen fixation 
Bp   base pairs 
BSA   bovine serum albumin 
CAP   constrained analysis of principal components 
Cfu   colony forming units 
db - RDA  distance based redundancy analysis 
DGGE   denaturing gradient gel electrophoresis 
DNA   deoxyribonucleic acid 
FMN   flavin mono nucleotide 
FMNH2  flavin mono nucleotide (reduced) 
GFP    green fluorescent protein 
HGT   horizontal gene transfer 
IAA    indole-3-acetic acid 
IPA   indole-3-pyruvic acid 
LB   Luria-Bertani (medium) 
NADPH  (reduced) nicotinamide adenine dinucleotide phosphate 
NCS   4-nitrocatecholsulfate 
nm   nanometre  
NMDS   non-metric multidimensional scaling 
MUSCLE  multiple sequence comparison by log-expectation 
OD650   optical density at 650 nm 
OTU   operational taxonomic unit 
V 
 
PAPS   3`-phosphoadenosine 5`-phosphosulfate 
PC   principal component 
PCR   polymerase chain reaction 
PERMANOVA  permutational multivariate analysis of variance  
PGPR   plant growth promoting rhizobacteria 
Pi   inorganic phosphate 
RDA   redundancy analysis 
Rif   rifampicin 
Rpm   revolutions per minute 
SSI   sulfate starvation-induced 
TEMED  tetramethylethylendiamine 
T-RFLP  terminal restriction fragment length polymorphism 
TRIS   ((tris) hydroxymethyl) aminomethane 
VAM    vesicular arbuscular myccorhizae 
v/v   volume per volume 
v/w   volume per weight 
X-Gal   5-bromo-4-chloro-3-indoyl-D-galactopyraside 
 
 
 
 
 
 
 
1 
 
Chapter 1 
General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
1.1. Fertiliser: Scarcity of resources and global challenges  
While 38% of all arable land of this planet is used for agricultural production, approximately 
one billion people are suffering from chronic malnutrition (Foley et al., 2011). At the same 
time our agricultural systems are decreasing in bio-diversity and soil fertility, leading to a 
degradation of land and water (Butler et al., 2007; Hall, 2014). The use of mineral fertilisers 
and pesticides, in order to increase yields and protect against the dangers of nutrient scarcity 
and pests (the so-called ‘green revolution’), has led to new challenges regarding the 
sustainability of agricultural production systems (Jain, 2010). The production of mineral 
fertilisers depends on the availability of raw minerals, such as rock-phosphate, for the 
production of phosphorus (P) fertiliser. Furthermore the process of producing mineral 
fertilisers can be energy consuming, as for the synthesis of nitrogen (N) through the Haber-
Bosch procedure (Galloway et al., 2008; Cordell et al., 2009). Furthermore the current use of 
fertiliser is associated with nutrient pollution of waterways and costal oceans, and the release 
of nitrous oxide from fertilised fields contributes to climate change (Foley et al., 2011). 
Fertiliser use efficiency, defined as plant growth responses to nutrient application, is 
influenced by environmental conditions. In order to maintain effective solubilisation rates of 
nutrients, applied with mineral fertiliser, plants and microbes require adequate soil moisture, 
temperature, and the absence of inhibiting substances. Soil-grown crops ,such as wheat and 
rice, are unable to utilise supplements of mineral fertiliser under unfavorable conditions 
(Kennedy et al., 2004). 
For instance, N applied as fertiliser can be lost through nitrate leaching, resulting in the 
contamination of groundwater. In addition, applied N can be transformed into greenhouse 
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gasses like N2O, NO, or negatively affect the environment through NH3 emission (Stehfest & 
Bouwman, 2006; Loh et al., 2008).  
A large proportion of the phosphorus applied as mineral fertiliser to the soil is precipitated. 
Depending on pH, precipitated phosphorus occurs either as aluminum-, iron-, magnesium- or 
calcium-phosphates (Bertrand I, Holloway RD, 2003; Neumann et al., 2011; Ogut et al., 
2011). P can also become plant unavailable by entering the pool of organically bound P as 
phytate-P or in other forms (Patel et al., 2010). 
Atmospheric sulfur (S) inputs have decreased, and new N- and P-fertiliser formulations 
contain low quantities of sulfur or no sulfur, thus sulfur has become a limiting factor for plant 
production (Ceccotti et al., 1998; Dammgen et al., 1998; Zhao et al., 1999; Irwin et al., 2002; 
McGrath et al., 2002). Various management practices further increase S-deficiency in modern 
farming systems. In animal production systems, the amount of sulfur taken up by animals 
through pasture and forage is higher than the return of S to the field with farmyard manure 
(Scherer, 2001). In plant production, S-input decreases through the reduced use of S-
containing fungicides, while S-withdrawal increases through the cultivation of high yielding 
plant varieties with high S demand, both triggering symptoms of S-deficiency worldwide 
(Scherer, 2001). Although sulfur occurs in the soil in both inorganic and organic forms, 
organically bound S provides the major S pool in soils (Schmalenberger et al., 2009; Gahan 
& Schmalenberger, 2014). 
Soil microbes associated with plant roots have the ability to mobilise otherwise plant 
unavailable sources of P and S and to fix atmospheric nitrogen. In agricultural cropping 
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systems nutrient use efficiency can be increased by using the biological potential of soil 
organisms.  
 
1.2. Functions of the rhizosphere  
 
The rhizosphere was first described by Lorenz Hiltner in 1904 as the space of interaction 
between plant roots, soil microbes and soil as physiochemical aggregate. Hiltner became 
convinced that plant root exudates provide nutrition for a range of soil bacteria,- and that, 
conversely, plant nutrition is considerably influenced by the microbial composition of the 
rhizosphere (Hartmann et al., 2008). 
Interactions between plant roots and soil microorganisms are influenced by biotic and abiotic 
factors (Bezemer et al., 2006). Abiotic factors include soil type, aggregate structure, soil 
chemical properties such as pH and cation exchange capacity, and climate. Biotic processes 
comprise all actions and interactions of soil life. Soil-inhabiting organisms, including plants, 
vertebrates, insects, protozoa and microorganisms, are shaping the soil life by interacting with 
each other. 
Agro-ecosystems are shaped by anthropogenic influences, including all practices involved in 
the cultivation of crops such as choice of the plant genotype, adapted crop-rotations, tillage, 
fertilization and pest-management.  
Seen from the perspective of soil-inhabiting microorganisms, the rhizosphere could be 
described as an oasis in the desert (Bertin et al., 2003). Roots influence the soil surrounding 
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them by secreting 5-21% of the carbon fixed by the plant into the rhizosphere, mainly as root 
exudates (Marschner, 1995). Root exudates contain an array of C-rich sugars and sugar-
alcohols, as well as ions, free oxygen, water, enzymes and mucilage (Bais et al., 2006). The 
composition of root exudates depends on plant species and even differs between different 
plant genotypes of the same plant species (Xiao-Gang Li et al., 2013). Because of their 
richness in carbon, root exudates have a crucial effect on the structure of microbial 
communities in the rhizosphere which differ from the microbial communities in the bulk soil 
(Kent & Triplett, 2002). The amount of the photosynthates released through root exudation is 
determined by factors such as plant age, soil type and nutrient availability (Bais et al., 2006; 
Stevenson et al., 2014).  
Another important factor, which is to a large extent determined by the composition of root 
exudates, is rhizosphere pH. Rhizosphere pH has a direct effect on nutrient availability and 
influences microbes involved in nutrient cycling. Compared to the pH in the bulk soil, the pH 
in the rhizosphere can be decreased up to ten fold by root exudates which are excreted by 
plants (Darrah, 1993; Hübel & Beck, 1993; Bertin et al., 2003). Thus, the microbial 
community of the rhizosphere is strongly influenced by plant species, soil type, and the 
combination of both (Gomes et al., 2001; Marschner et al., 2001). Changes in microbial 
communities can be observed at a plant species level, and even at a genotype level within the 
same plant species (Liliensiek et al., 2012; Donn et al., 2014). 
Rhizosphere microbial communities are also affected by plant physiological status (Marschner 
et al., 2001). This effect can be explained by the different composition of plant root exudates 
with increasing plant age and other factors related to plant physiological status such as changes 
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in root morphology (Crowley et al., 1992; Bertin et al., 2003; Kertesz & Mirleau, 2004; Huang 
et al., 2014). In return, the microbial composition of the rhizosphere which is shaped through 
exudate composition, impacts plant health, development and growth. Rhizosphere 
microorganisms can either be associated with the plant root, by living in the rhizosphere, or 
reside within the plant root as endophytes. Other beneficial effects include the solubilisation 
of nutrients required for plant growth, such as through vesicular arbuscular mycorrhizae 
(VAM). In addition, rhizosphere microorganisms can either promote plant growth or induce 
resistance to biotic and abiotic stresses through the synthesis of hormones (Vessey, 2003; 
Kennedy et al., 2004; Yang et al., 2009; Adesemoye et al., 2010; Dodd et al., 2010; Marschner 
et al., 2010).  
Rhizosphere interactions are also impacted by animals such as vertebrates or insects. 
Vertebrates and insects can influence rhizosphere interactions by acting as vector organisms 
and transmitting either beneficial or pathogenic microorganisms from root to root. For 
instance, nematode feeding can alter root exudate composition, either favoring pathogens or 
beneficial bacteria (Gundy et al., 1977; Escudero et al., 2014). 
Trophic webs between nematodes and root-colonising fungi and bacteria are starting to 
become more understood. Attracted by plant volatiles, the soil-dwelling nematode 
Caenorhabditis elegans transfers the symbiotic, N-fixing bacterium Sinorhizobium meliloti to 
the roots of the legume Medicago trunculata (Horiuchi et al., 2005). Plant-feeding, free-living 
nematodes can also alter microbe communities in the rhizospheres by promoting the release 
of root-exudates and enhancing total N-mineralisation (Gebremikael et al., 2014). 
Furthermore, nematodes have been shown to trigger the mechanism of systemic acquired 
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resistance in their host plants and to interfere with hormonal signaling (Kazan & Lyons, 2014; 
Matthews et al., 2014; Molinari et al., 2014).  
In addition, neighboring plants interact with each other. Plants living in proximity join their 
efforts and interact in a beneficial way, particularly under harsh conditions. Positive plant-
plant interactions include facilitated nutrient accessibility or pathogen defense. Negative 
plant-plant interactions include the release of allelo-chemicals which directly interfere with 
the metabolism of the targeted plant (Bais et al., 2006; Yang et al., 2013; Gundel et al., 2014). 
Allelo-chemicals or phytotoxins in root exudates vary considerably in chemical structure and 
mode of action. Allelo-chemicals and phytotoxins can affect a range of functions in target 
plants, such as metabolite production, photosynthesis, respiration, membrane transport, 
germination, root and shoot growth and cell mortality, therefore inhibiting competing species 
(Bais et al., 2006; Dayan & Duke, 2009; Weston et al., 2012).  
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Fig.1.1 
Rhizosphere interactions mediated by root exudates.  
Schematic representation of interactions between plant root and rhizosphere organisms. The 
interactions are classified into positive and negative interactions: Positive interactions mediated by 
root exudates comprise growth-facilitating and -regulating mimics that support growth of other plants 
and cross-species signaling with rhizosphere microorganisms and invertebrates. Whereas negative 
interactions mediated by root exudates include the secretion of substances inhibiting growth of 
microbes, fungi, insects or competing plant species. The arrows pointing in both directions show the 
chemical exchange between root exudates and soil organisms. PGPR: plant growth promoting 
rhizobacteria. VAM: vesicular arbuscular mycorrhizal. SAR: systemic acquired resistance. QS: 
Quorum sensing 
Adapted from (Bais et al., 2006)  
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1.3. Hormonal effects of plant growth promoting rhizobacteria (PGPR) 
Plant hormones such as abscisic acid, auxins, cytokinins, ethylene, gibberellins, jasmonic acid 
and salicylic acid regulate multiple physiological processes. Hormone-regulated physiological 
processes include root initiation, elongation, architecture and root hair formation. Abscisic 
acid and ethylene are involved in regulating stress responses such as water stress and loss of 
turgor pressure respectively (Sharp & LeNoble, 2002; Dodd, 2007; Dodd et al., 2010).  
Plant hormones typically operate in complex networks involving cross talk and feedback 
(Woodward & Bartel, 2005; Swarup et al., 2007; Fukaki & Tasaka, 2009) and it is therefore 
difficult to determine the exact role of a particular hormone in overall plant responses (Dodd 
et al., 2010). Rhizosphere microorganisms can synthesise a wide range of plant 
phytohormones. One well-investigated example of a phytohormone-producing rhizosphere 
microorganism is the free-living, nitrogen-fixing (diazotrophic) Azospirillum brasilense, 
which belongs to the genus of Azospirillum and the subclass of α-Proteobacteria (Hartmann 
& Baldani, 2006). The diazotroph Azospirillum belongs to the group of plant growth 
promoting rhizosphere bacteria (PGPR) and is able to promote growth and yield of numerous 
plant species, many of agronomic and ecological significance (Dobbelaere et al., 2001; 
Bashan & de-Bashan, 2010). Azospirillum is associated with many tropical grasses like 
sorghum, sugar-cane and maize. In addition, roots of wheat, rice (Baldani & Dobereiner, 
1980), strawberry and tomato (Molina-Favero et al., 2008; Guerrero-Molina et al., 2012) are 
colonised by Azospirillum. Beside the ability to fix nitrogen, Azospirillum and other PGPR 
have the capacity to synthesise plant-growth promoting substances such as vitamins, enzymes, 
hormones and siderophores (Fallik et al., 1988; Canbolat et al., 2006; Dodd et al., 2010). Plant 
growth promoting substances have positive effects on morphology and physiology of the 
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colonised plant root (Okon & Kapulnik, 1986; Dobbelaere et al., 2001). An increased root 
growth leads to a higher nutrient and water uptake through the plant root (Richardson et al., 
2009). Some authors assume that the plant growth promoting effect of Azospirillum sp. is due 
to its ability to synthesise hormones, rather than its ability to fix nitrogen (Mantelin & 
Touraine, 2004). This assumption seems justified, since nitrogenase-deficient mutant strains 
of Azospirillum brasilense were able to promote plant growth to the same level as non-
deficient strains (Bashan & Levanony, 1990, Mantelin & Tourin, 2004), whereas mutant 
strains with low production of phytohormones and high nitrogenase activity didn’t enhance 
plant growth compared to the control (Patten & Glick, 2002, Bashan et al., 2004, Spaepen et 
al., 2008).  
The two well-investigated species Azospirillum sp. and Herbaspirillum sp. have been shown 
to be involved in the regulation of the phytohormones auxin, gibberellic acid, abscisic acid 
and zeatin in higher plants (Tien et al., 1979, Kravchenko & Leonova, 1993, Belimov & Dietz, 
2000, Ribaudo et al., 2006, Perrig et al., 2007, Cohen, 2008, Cohen, 2009, Dodd et al., 2010).  
The growth hormone indole-3-acetic (IAA) acid, is the main auxin found in higher plants 
(Woodward & Bartel 2005, Zhao 2010). Together with other hormones, auxin is involved in 
the regulation of cellular processes including division, elongation and differentiation of tissue 
(Swarup et al., 2002). The ability to synthesise auxin and therefore exert positive effects on 
plant growth varies among rhizosphere isolates. More than 80% of isolated Azotobacter, 
Pseudomonas fluorescens and Mesorhizobium ciceri strains were found to be IAA producers, 
in contrast to isolate strains of Bacillus of which only 20% were found to produce IAA 
(Ahmad et al., 2008). 
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The major auxin pathway in plants is the indole-3-pyruvate (IPA) pathway. The IPA pathway 
could not only be detected in plant-disease causing bacteria (P. agglomerans) but also in 
several plant-beneficial bacteria, including A. brasilense, A. lipoferum, E. cloacae 
Pseudomonas putida, and P. agglomerans (Spaepen & Vanderleyden, 2011).  
Inoculation with Azospirillum brasilense (107 cfu per plant) and the application of external 
auxin to root tissues (10-9 M) can cause the same growth response in roots of maize (Fallik et 
al., 1994). Furthermore, auxin-resistant plant mutants showed no growth response to 
inoculation with A. brasilense, underlining the impact of auxin in selected plant-bacteria 
interactions (Dodd 2010). 
All these findings indicate that bacterial auxin metabolism plays an important role in 
mediating plant growth (Pii et al., 2007, Spaepen et al., 2008, Dodd et al., 2010).  
Associative diazotrophs can also act as “helper-bacteria”, facilitating the process of nodulation 
through the synthesis of auxin. Nodulation with rhizobia spp. is prepared through an 
alternation of the auxin root balance, and the number of formed nodules per plant root is 
determined by the amount of auxin transported from shoot to root (van Noorden et al., 2007, 
Figueiredo et al., 2008, Mathesius, 2008). For example, the inoculation with two strains of 
Azospirillum sp. and two strains of Bradyrhizobium japonicum increased the number of 
nodules and fresh weight in soybean (Glycine max.) (Molla et al., 2001). 
Hormones synthesised by PGPR promote plant growth and play an important role in plant 
responses to stress such as drought. The hormone ABA is involved in various physiological 
processes in the plant, including the induction of the synthesis of reserve proteins and lipids, 
and for switching on seed dormancy or regulating plant desiccation tolerance (Seo, 2002). 
Furthermore ABA is involved in root elongation and lateral root formation under drought 
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stress, partially suppressing excessive ethylene synthesis which can inhibit growth (LeNoble 
& Sharp, 2002). Arabidopsis thaliana plants, which were inoculated with A. brasilense Sp245 
and A. lipoferum USA 59b in vitro, showed increased levels of ABA (Cohen, 2008, Cohen, 
2009). These findings indicate that ABA-producing rhizosphere bacteria might help to 
alleviate drought stress, as for example given under saline soil conditions (Agrawal, 2003, 
Cohen, 2008, Figueiredo, 2008).  
Diazotroph bacteria can increase plant-growth by supplying nitrogen (section 1.5.2.) and 
phytohormones. However, plant growth can only occur if other factors including water, CO2, 
UV-radiation and nutrients, such as P and S, are not restricted. Since microbes are able to 
solubilise plant-unavailable P and S (see section 1.4.), the question is, how plant growth is 
influenced by microbial nutrient solubilisation through rhizosphere bacteria. 
 
 
1.4. Microbial nutrient cycling 
Interactions between plants and microbes are crucially important to maintain ecosystem 
functions. Microbially-mediated processes, such as cycling, mobilisation and sequestration of 
various nutrients, depend on a range of climate and soil edaphic processes. Plants and 
microbes both require a well-balanced supply of the nutrients C, N, P, K, S, Ca, Mg and 
micronutrients. Depending on their habitat, plants and microbes require a distinct ratio 
between macronutrients such as C, N, P and S (Cleveland & Liptzin, 2007, Hartman & 
Richardson, 2013).  
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PGPR can contribute to plant nutrition by stimulating an increase of the root surface for 
nutrient adsorption, or by supplying the plant with nutrients through enzymatic nutrient 
solubilisation or by fixing atmospheric nitrogen.  
 
 
1.5. Plant requirement for nitrogen 
Agricultural crops, such as wheat, require nitrogen input, mainly added as mineral fertiliser 
or farm manure, for stable yields and consistent protein contents. Nitrogen deficiency causes 
yield losses and decreases in grain protein in wheat. Symptoms for nitrogen deficiency are 
generally delayed growth, pale green or yellow leaves and delayed maturation (Kumar & 
Sharma, 2013). Nitrogen in plants is required in chlorophyll and thus crucial for 
photosynthesis, but it is also a component of all amino acids, DNA and RNA, and thus plant 
N demand is highest at times of rapid growth.  
 
1.5.1. Terrestrial N-cycle  
Even though N is the one of the most abundant elements on earth, plant growth is limited 
through unavailability of N (Vance, 2001). The availability of NH4 and of soil C are major 
factors influencing the rate of ammonification (the mineralisation from NH3 to NH4). In a 
microbially-mediated process, extracellular proteases first depolymerise proteins to 
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oligopeptides and amino acids which are then further mineralised to NH4+ (Mooshammer et 
al., 2014).  
During nitrification, a process mediated by bacteria, NH4 is first oxidised to nitrite (NO2
-) 
through ammonia-oxidisers and further oxidised to NO3
- (Mobarry et al., 1996, Leininger et 
al., 2006). Under aerobic conditions, heterotrophic-denitrifying soil bacteria, including many 
Proteobacteria but also Gram-positive species, are responsible for the conversion of soil NO3
-
to molecular nitrogen N2 and might be responsible for the production of the climate relevant 
gases NO and N2O (Galloway et al., 2004, Verbaendert & De Vos, 2011). Molecular nitrogen 
has contributed to the atmospheric nitrogen pool over a geological time scale.  
Although more than 90% of N in soils occurs as organic N, the main forms taken up by the 
plant are Ammonium (NH4
+) or Nitrate (NO3
-), in addition to some organic N compounds (Li 
et al., 2013, Paungfoo-Lonhienne et al., 2008). Thus plant nitrogen supply is mediated by 
interactions with microorganisms, which are either able to fix dinitrogen (N2) from the 
atmosphere and supply it to the plant, or which are involved in N solubilisation from the soil 
pool of organic N. 
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Fig.1.2 
Nitrogen cycle in agricultural ecosystems (simplified) 
Atmospheric dinitrogen (N2) is fixed by either free-living or symbiotic nitrogen fixing-
microorganisms and converted into ammonium (NH4
+). The soil organic N pool contains 
nitrogen from plant and microbial biomass. Decomposers release ammonium (NH4
+) from the 
soil organic N-pool through the process of ammonification which is further oxidised to nitrite 
(NO2
-) and nitrate (NO3
-) through microbially mediated nitrification. Plants take up 
ammonium (NH4
+) and nitrate (NO3
-) or other organic N compounds. Through microbially 
mediated denitrification nitrate (NO3
-) is further converted to the gases nitric oxide (NO) and 
nitrous oxide (N2O) finally resulting in the production of dinitrogen (N2). 
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1.5.2. Biological nitrogen fixation (BNF)  
Nitrogen-fixing (diazotrophic) soil bacteria can either live in a symbiotic or in an associative 
relationship with the plant. Symbiotic rhizobia form nodules within the plant root and require 
the plant root for their survival, while free-living, associative diazotrophs can either colonise 
the root surface or live within the root as endophytes. Other microbes not able to fix 
atmospheric nitrogen, such as mycorrhizal fungi, can contribute to plant N nutrition through 
mobilisation of nitrogen from organic matter (Read & Perez-Moreno, 2003). 
Most legumes are in a symbiotic relationship with rhizobia, which reside within root nodules 
in the plant root. While the legume benefits from the nitrogen provided by rhizobia, the 
bacteria in return receive plant carbohydrates. In contrast to free-living diazotrophs, rhizobia 
require a plant host to fix nitrogen. Four genera of α-Proteobacteria, comprising Rhizobium, 
Mesorhizobium, Sinorhizobium, and Bradyrhizobium, are the most commonly found 
symbionts for most legume species in habitats worldwide (Andam & Parker, 2007). The 
majority of rhizobia are host specific, but some rhizobia show “promiscuous behaviour” 
which lets them live in symbiosis with a range of host plants (Perret et al., 2000). In order to 
form nodules in the roots of the host plant, the communication between host-plant and 
Rhizobium is crucial. First, Rhizobia are attracted by the host plant by secretion of flavonoids 
and betaines and move towards the host root. Once the bacteria have reached the root, the 
formation of a nodule requires the reprogramming of differentiated root cells to form a 
primordium from which a nodule can develop which is initiated by the rhizobial nod factor 
(Geurts & Bisseling, 2002, Hassan & Matthesius, 2012). In contrast to rhizobia, free-living 
diazotrophs do not require a host plant root for their survival. Free-living diazotroph 
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rhizosphere bacteria have been shown to increase nitrogen use efficiency in wheat cropping 
systems, either directly by N fixation, or through promotion of root growth and thus enhanced 
N-uptake (Saubidet, 2002, Wu et al., 2005, Adesemoye, 2009). Because of the possibility of 
broad agricultural application, interest in diazotrophic bacteria associated with graminaceous 
plants has been increasing. The main focus of investigation has been the capacity for nitrogen 
fixation (Dobbelaere, 2003). In an environment, rich in carbon and poor in N, such as the 
rhizosphere, N-fixing diazotrophs are in advantage over non N-fixing organisms, because of 
their ability to fix nitrogen (Doebereiner & Pedrosa, 1987, Kennedy et al., 2004, Mirza & 
Rodrigues, 2012).  
However, the findings about the amount of N which free-living bacteria supply for plant 
growth through BNF are inconsistent. Azospirillum promotes growth and grain yield of wheat, 
but it apparently contributes little nitrogen to the wheat plant as a direct result of BNF 
(Kennedy, 2004). 15N dilution studies with maize plants, which were either inoculated with 
Azospirillum spp. strains or fertilised with 100 kg N ha-1, showed similar responses in total N 
in the plant. However, inoculation with nifH- mutant strains caused the same effect, suggesting 
that nitrogen acquisition was not caused by the nitrogen fixing capacities of Azospirillum spp. 
(Garcia de Salamone et al., 1997). In sorghum, wheat and corn fields, inoculation with 
Azospirillum sp. only contributed 5 kg N per hectare (ha) and year to plant N nutrition (Okon 
& Labanderagonzalez, 1994), which is less than 5% of the N applied by fertilization. Although 
the contribution of free-living diazotrophs to N plant nutrition might be of minor importance, 
it must be pointed out that even an increase of 10% can be crucial for a better N-status of the 
plant, especially during periods of limited N (Kennedy et al., 2004). 
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However, the potential of free-living diazotrophs to fix N for plant growth and thus the 
efficiency of the plant-bacterium association depends on various factors. These factors include 
the interaction between host and the associative bacterium and their effect on the environment. 
In sugarcane plants colonised with Gluconacetobacter (Acetobacter) diazotrophicus, a 15N 
dilution/N balance study confirmed that up to 80% of sugarcane plant N was derived from 
BNF (Boddey et al., 1991, Boddey, 1995). Sugarcane seedlings inoculated with wild type and 
nitrogenase- negative (nifH-) mutants of Glucanoacetobacter only showed enhanced growth 
with the wild type, confirming the importance of the diazotrophic character of 
Gluconacetobacter in the case of sugarcane (Lee et al., 2002).  
Studies by the International Rice Research Institute (IRRI) in the Philippines estimate that up 
to 25% of the total nitrogen needs of rice are derived from associative fixation (Roger, 1992, 
Dobbelaere, 2003). 
The efficiency of BNF is highest under optimum environmental conditions and decreased 
under unfavourable conditions. Nitrogenase, the enzyme that converts N2 into NH3, is 
inhibited in the presence of combined forms of N such as nitrate or ammonia (Dobbelaere, 
2003). In some diazotrophs, in particular those belonging to the phylum of α-Proteobacteria, 
nitrogenase activity was shown to be reversibly inhibited by low levels of ammonium ions, 
while other diazotrophs, such as some β- & γ-Proteobacteria, seem unaffected. This fact has 
been attributed to the presence of a glnB gene, encoding the PII protein (Klassen et al., 2005). 
The PII proteins control the assimilatory nitrogen metabolism by regulating gene transcription 
as well as enzyme activity (Paz-Yepes et al., 2003).  
High concentrations of exogenous N do not only affect the nitrogen-fixing capacity but also 
survival of some diazotrophs. In contrast to populations of R. leguminosarum and of G. 
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diazotrophicus, which were significantly decreased, the populations of Herbaspirillum 
seropedicae of sugarcane rhizospheres weren’t affected by amounts up to 300 kg urea N ha-1, 
(Reis Junior, 2000). Thus it is important to find out, whether commercially used PGPR can 
fix nitrogen under conditions of high exogenous nitrogen, followed by conditions of N-
depletion. 
In addition, free-living N-fixing diazotrophs can act as so called “helper bacteria”, helping to 
prepare the nodulation of legume-roots with symbiotic rhizobia through hormonal influences 
(Mathesius, 2008, Spaepen et al., 2008), thus indirectly increasing BNF in the crop. 
Paenibacillus polymyxa increased the symbiotic efficiency between common bean (Phaesolus 
vulgaris) and Rhizobium tropici resulting in higher leghaemoglobin concentrations in the 
nodules and nitrogenase activity and therefore N2 fixation efficiency (Figueiredo et al., 2008). 
Additional knowledge about interaction between various organisms can help develop concepts 
for positive microbial manipulation of crop rotation systems. 
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1.6. Requirement for phosphorus 
After N, phosphorus is the most frequently limiting macronutrient for plant growth. In plants 
and microbes phosphorus (P) is required as a component of key molecules,such as nucleic 
acids, phospholipids, and ATP. Inorganic phosphate (Pi) is also involved in controlling key 
enzyme reactions and regulating metabolic pathways. P makes up about 0.2% of a plant`s dry 
weight (Schachtman et al., 1998, Vance, 2001). Although phosphorus in agricultural systems 
is supplied as fertiliser, up to 40% of all plant yields on arable land are limited due to low P 
availability. 
 
1.6.1. Soil-phosphorus cycle 
Phosphorus applied as fertiliser is quickly immobilised. Depending on physico-chemical 
properties of the soil, up to 80% of the P applied is either adsorbed by minerals or bound to 
organic matter (Hedley et al., 1982). Immobilised P in soils occurs as inorganic P (Pi) or 
organic P (Po). Forms of inorganic P include Fe-P or Al-P under acidic soil conditions. Under 
alkaline conditions, P is absorbed by Ca. Organic P is bound to humic derived materials such 
as phytates. Plant available P occurs in soil solutions as PO4
3-, H2PO4
- or as dissolved organic 
P (Richardson & Simpson, 2011). The major P sorbents in soils are Fe-(hydr)oxides and clay 
minerals, because P is negatively charged. Beside pH, ionic strength, concentration of organic 
ligands and redox potential also determine the availability of P in soils (Devau et al., 2011, 
Shen et al., 2011).  
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1.6.2. Mechanisms of plant P solubilisation 
In order to access P in its various forms, plants have developed a range of different strategies. 
Under P limited conditions plants can alter their root architecture, allowing an increased P 
uptake. Some species belonging to the plant family of Proteaceae form so called proteoid or 
cluster roots which enable the plant to enhance P uptake (Vance, 2008). Many other plant 
species counter limited P availability by decreasing the length of their primary roots while 
increasing growth of lateral roots and root hairs instead (Niu et al., 2013). 
Non-mycorrhizal plants adapt to P limitation by chemically modifying the rhizosphere, 
releasing organic metal chelators (citrate, malate and phenolics), proteins and secretory 
phosphatases, leading to increased P solubilisation (Devau et al., 2011, Wang et al., 2014). 
Although plant roots have developed strategies to acquire P under limited conditions, 
microbially-mediated solubilisation of P plays a major role in plant P nutrition, as described 
in section 1.6.3.  
 
1.6.3. P solubilisation through rhizosphere microorganisms 
Microorganisms are integral to the soil phosphorus cycle and make a crucial contribution to 
plant P nutrition (Richardson & Simpson, 2011). P solubilising microorganisms comprise 
fungi (section 1.6.3.1.) and rhizobacteria (section 1.6.3.3.). Both can interact with each other 
(section 1.6.3.2.) and therefore enhance the capacity of plants to acquire P from soil 
(Richardson & Simpson, 2011).  
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1.6.3.1. Mycorrhizal P solubilisation  
80% of all terrestrial plants, including forest and crop plants, are in symbiosis with 
mycorrhizae. Ectomycorrhizae grow intercellularly in the cortex of the plant roots (Lehto & 
Zwiazek, 2011) and endomycorrhizae grow inter- and intra-cellularly within the cortical cells 
(Morton & Benny, 1990, Genre et al., 2005). While ectomycorrhizae are abundant in 
temperate to boreal forest trees, vesicular arbuscular mycorrhizae (VAM), which belong to 
the endomycorrhizae, are abundant in a wide range of host plants. These hosts for VAM 
include graminoid and herbaceous plants of the Gymnospermae and Angiospermae, and 
therefore most agricultural crops (Harley & Smith, 1983). VAM are obligate symbiotic fungi 
from the phylum of the Glomeromycota (Frey-Klett et al., 2007). External hyphae of VAM 
are able to provide up to 80% of plant P and considerable amounts of N, K, Cu, Zn and water 
under limited conditions (Marschner & Dell, 1994, Orwin et al., 2011). Due to their symbiosis 
with higher plants which provide their symbiont myccorhizae with carbon (Bago et al., 2000), 
VAM are not C limited which allows the “expensive” production of nutrient-solubilising 
enzymes (Orwin et al., 2011). AM fungi take up inorganic phosphate from soil and transfer it 
to their symbiotic host plant. Previously it was assumed that VAM use only sources of 
inorganic phosphate. Recently it has been suggested that VAM are also able to use organic 
phosphorus, including inositol phosphates as sole P source (Turner et al., 2007).  
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1.6.3.2. Mycorrhizal-bacterial interaction 
Mycorrhizae do not only form symbiosis with plants but also interact with various bacteria, 
which enhance the mycorrhizal performance. Burkholderia, Paenibacillus, Pseudomonas, 
Bacillus and Enterobacter are a few examples of bacterial genera acting as mycorrhizal 
helper-bacteria (Frey-Klett et al., 2007). The bacterial diversity of the hyphosphere (the region 
surrounding mycorrhizal hyphae) was shown to be significantly different from the diversity 
of rhizosphere or bulk soil, providing evidence that plant root and mycorrhizal exudates might 
recruit rhizo- or hyphosphere bacteria in a similar way (Scheublin et al., 2010). A beneficial 
interaction between bacteria and VAM can promote nutrient solubilisation such as 
mineralisation of soil phytates or rock-phosphate (Toro et al., 1997, Bonfante & Anca, 2009, 
Zhang et al., 2014).  
 
1.6.3.3. Rhizobacterial P solubilisation 
Like plants, many soil bacteria can solubilise inorganic phosphorus. In contrast to plants, 
bacteria are also able to solubilise organically bound phosphorus, thus granting bacterial 
survival under the low P conditions in the rhizosphere (Richardson & Simpson, 2011). 
Organically bound P accounts up to 50% of total organic soil phosphorus (Lim et al., 2007). 
Various rhizosphere bacteria, including Pseudomonas, Bacillus, Rhizobium, Burkholdia, 
Achromobacter, Agrobacterium, Micrococcus, Aerobacter, Flavobacterium and Erwinia have 
been isolated for their ability to solubilise forms of inorganic phosphate such as di- and 
tricalcium phosphate, hydroxyapatite and rock phosphate (Rodriguez & Fraga, 1999, 
Nannipieri et al., 2011). 
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Diverse enzymes, abundant in bacteria as well as higher organisms, are involved in the 
solubilisation of mineral or organically bound phosphate. Phosphatases (phosphoric 
monoester hydrolases) are classified as acid phosphatase or alkaline phosphatase (ALP) by 
their optimum pH. While plant roots are able to synthesise acid phosphatase, they lack the 
ability to produce alkaline phosphatase (ALP) (Tarafdar & Claassen, 1988, Dinkelaker & 
Marschner, 1992). The phosphate-starvation induced bacterial phoA, phoX and phoD genes, 
which are responsible for the synthesis of alkaline phosphatase, are affected in their diversity 
by agricultural management such as amendment with organic matter, fertiliser-related changes 
in pH or by different rotation crops (Apel et al., 2007, Sakurai et al., 2008, Wang et al., 2012). 
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1.7. Sulfur 
1.7.1. Soil sulfur pools 
Sulfur (S) is an essential element for plants and soil microbes and soil constitutes the major 
S-source for plant uptake. In the atmosphere S is present as H2S and SO2. Only 5% of total 
sulfur in soils occurs as highly mobile SO4
2-, whereas up to 95% is bound in soil organic 
matter. Solubilisation of organically bound S is microbially mediated and strongly influenced 
by land use and management (Biederbeck, 1978, Haynes & Williams, 1992, Schmalenberger 
et al., 2010). Measurements of SO4
2- are not always a reliable method to estimate plant-
available sulfur over the vegetative period (Schnug & Haneklaus, 1998). Most sulfur occurs 
as organically bound sulfur, comprising peptides, amino acids, sulfate esters and sulfonates. 
Soil organic S consists of a mixture of organic molecules derived from plants and animals, 
such as enzymes, surface active proteins and chelating compounds and comprise different 
sizes and complexities, ranging from monomers to complex biopolymers (Solomon et al., 
2009). There is some evidence that sulfonates might also be formed by geochemical processes 
(Autry & Fitzgerald, 1990, Kertesz & Wietek, 2001). 
Traditionally, soil organic sulfur has been fractionated into hydriodic acid (HI) - reducible and 
non-reducible sulfur (Freney, 1986). The HI-reducible fraction corresponds to highly oxidised 
soil organic S, and contains C-O-S bonds (sulfate-esters), C-N-S bonds (sulfamates) and some 
organic sulfites (Freney, 1961), while the non-reducible S fraction is directly bound to C (C-
S bonds). This non-reducible S-fraction, which can be further divided into Raney-Ni reducible 
and non-reducible S, comprises either highly reduced organic S (organic sulfides, thiols) or S 
in intermediate oxidation states such as sulfonates and sulfoxides (Solomon et al., 2011). 
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According to this definition, sulfonate-sulfur is the difference between total organic S and the 
sum of Raney-Ni reducible sulfur (sulfur amino acids) and HI-reducible sulfur (including 
sulfate esters) (Freney, 1961, Freney et al., 1975, Fitzgerald, 1976, Autry & Fitzgerald, 1990, 
Kertesz & Wietek, 2001). However, measurements of the specific chemical degradation 
reactions (Freney et al., 1975) and X-ray near-edge Spectroscopy (XANES) do not correlate 
well in some soil types such as in South African subtropical soils (Solomon et al., 2005). The 
two comparative measurements were used to distinguish different soil organic-S fractions 
occurring mainly as sulfonates (C-SO3H), which are in an intermediate oxidation state, or as 
highly oxidised sulfate-esters (O-SO3H). Both fractions are most likely to be found as high 
molecular, humic derived material. Not much is known about the chemical structures of S-
fractions in humic derived material (Vairavamurthy et al., 1997, Jokic et al., 2003, Solomon 
et al., 2003, Kertesz et al., 2007). While sulfate-esters seem to be crucial in the short-term 
release of sulfate, sulfonates as carbon-bound S seem to contribute to plant S supply through 
long-term mineralisation (Scherer, 2001).  
Aliphatic sulfonates (alkanesulfonates), as for instance the neurotransmitter taurine (2-
aminoethanesulfonate) or plant sulfolipids and methanesulfonate occur naturally (Lie et al., 
1998, Vermeij et al., 1999). Aromatic sulfonates are xenobiotic chemicals, produced in high 
volumes for industrial purposes such as production of textiles or construction. Biodegradation 
of aromatic sulfonates by bacterial isolates, which use aromatic sulfonates as a sulfur source 
under aerobic conditions, have been investigated thoroughly (van der Ploeg et al., 1998, Suter 
et al., 1999, Vermeij et al., 1999, Kahnert et al., 2002, Peressutti et al., 2008)  
Sulfonates are abundant in aerobic soils, and make up a large proportion of the sulfur in 
intermediate oxidation states (30-50%). Sulfonates constitute 60 to 90% of the total soil S 
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(Autry & Fitzgerald, 1990, Jokic et al., 2003, Solomon et al., 2003, Schmalenberger & 
Kertesz, 2007). Structures of natural sulfonates are little understood. Unlike microbial 
desulfonation of low-molecular weight compounds, there is so far little understanding of the 
processes involved in desulfurisation of polymeric sulfonates, such as sulfonated lignins 
which are present in humic acids e.g. (Schmalenberger & Kertesz, 2007). However, it seems 
to be clear that, in humus, the mainly microbially mediated processes of S- immobilisation 
through sulfonate synthesis and S- mobilisation through desulfonation occur at considerable 
rates (Kertesz, 1999). 
Sulfate esters have previously been reported to be the most important organic S reserve, 
especially in agricultural soils, making up about 70% of the organic S fraction (Fitzgerald, 
1976, Freney, 1986), but are now considered to be less significant than sulfonates which have 
been found to be mineralised faster than other S-fractions (Ghani et al., 1992, Kertesz et al., 
2007).  
Incubation measurements on forest soils have shown that the velocity of the mineralisation of 
sulfonates depends on temperature and soil factors such as Al-content and pH (Tanikawa et 
al., 2014). Microbial mobilisation of sulfate esters and desulfurisation of sulfonates could 
contribute to the S-nutrition of plants under conditions where SO4
2- is limited 
(Schmalenberger et al., 2010). However, in agricultural cropping systems plants are supplied 
with sufficient nutrients in the form of mineral fertiliser. The long-term application of fertiliser 
has been found to affect microbial diversity and microbial nutrient-cycling functions 
compared to natural ecosystems (Schmalenberger et al., 2010). Furthermore the rate of sulfur 
cycling depends on the cropping regime which has a large impact on the microbial activity in 
the rhizosphere (Castellano & Dick, 1991, Ghani et al., 1992). One indicator for microbial 
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activity is soil sulfatase, cleaving the O-S bond. Soil sulfatase-enzymes are of microbial origin 
and not of plant-origin. Sulfatase enzymes, such as arylsulfatase, and are generally seen as 
indicator for soil microbial biomass and thus soil fertility (Knauff et al., 2003). Investigations 
of the arylsulfatases of isolates of soil bacteria, such as Streptomyces sp., Microbacterium sp. 
and Rhodococcus sp., revealed two forms of arylsulfatase in Streptomyces sp.. While one 
arylsulfatase was located in the membrane, the other form was located in an intracellular 
compartment and the two arylsulfatases showed different patterns of induction. The 
intracellular arylsulfatase was only induced by inorganic sulfate limitation, while the 
membrane arylsulfatase was induced by substrate presence or S demand independently. 
Microbacterium sp. and Rhodococcus sp. only showed the presence of the membrane 
arylsulfatase. These findings show that individual organisms have developed particular 
strategies to solubilise sulfate-esters under S-limiting conditions (Cregut et al., 2013).  
Sulfur deficiency is more likely to occur in sandy soils, since SO4
2 – is highly mobile and 
rapidly lost through leaching, and also because processes of S- fixation and S- solubilisation 
are microbially mediated and thus strongly impacted by the amount of organic matter.  
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1.7.2. Sulfur in bacteria 
Sulfur makes up only 0.5-1% of the cell dry weight, and bacteria require sulfur primarily for 
the synthesis of methionine, cysteine and sulfur-containing co-factors such as thiamine, 
coenzyme A and coenzyme M, as well as sulfolipids (Kertesz, 2000). These must be either 
produced by the bacterial metabolism, or taken up directly from the environment (Kertesz, 
2000). Sulfur sources in soils either include inorganic sources, such as sulfate and thiosulfate, 
or organic sources such as sulfate-esters, sulfonates or amino acids like cysteine and 
methionine. Inorganic sulfate is the preferred sulfur source (Kertesz & Wietek, 2001) but, 
since free inorganic sulfate is rare in soils, bacteria have developed strategies to access a range 
of other sulfur sources, using enzymes induced by sulfate-starvation (Kertesz et al., 1993, 
Hummerjohann et al., 1998, Kahnert & Kertesz, 2000, Solomon et al., 2003).  
 
1.7.2.1. Sulfur metabolism in bacteria 
Bacteria preferentially obtain sulfur for cysteine biosynthesis in the form of inorganic sulfate. 
The biosynthesis of sulfur containing amino acids requires the reduction of oxidised sulfur to 
sulfide. The cys regulon, which is responsible for the incorporation of sulfide or thiosulfate 
into serine to form cysteine, comprises more than 20 genes (Kredich, 1996, Lilic et al., 2003).  
Sulfate is taken up by the cell by an energy dependent ABC-type transporter. The transporter 
in Escherichia coli K-12, Pseudomonas aeruginosa PAO1, and many other bacteria includes 
CysT and CysW (two homologous membrane-spanning and channel forming subunits) and 
CysA (an ATP-binding protein) and two periplasmic binding proteins for thiosulfate (CysP) 
and sulfate (Sbp) (Sirko et al., 1990, Kertesz, 2004). Other known transporters for sulfate into 
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the bacterial cell comprise the proton:sulfate symporter or putative sulfate:bicarbonate 
antiporter SulP, the sulfate transporter CysP (PiT) (which is related to inorganic phosphate 
transporters) and, finally, the high affinity, high specificity transporter CysZ (Zhang et al., 
2014a). After uptake into the cytoplasm sulfate is then activated by ATP-sulfurylase to 
adenosine-5`-phosphosulfate (APS). APS kinase phosphorylates APS with ATP to 
3`phosphoadenosine-5`-phosphosulfate (PAPS) and is further reduced to sulfide by the PAPS 
reductase (Kertesz, 1999, Quadroni et al., 1999). For further cysteine or homocysteine 
synthesis, sulfide is then added to a carbon chain by trans-sulfurylation (Foglino et al., 1995, 
Vermeij et al., 1999). 
 
1.7.2.2. Organosulfur metabolism under sulfur limitation: SSI proteins 
Microbes preferentially take up sulfate or cysteine for their S nutrition, but since those sulfur 
sources are limited in most ecosystems, bacteria have developed strategies to utilise 
organically bound sulfur. Sulfate-ester or sulfonate desulfurisation occurs in several steps. So 
called sulfate-starvation-induced proteins have been found in different bacteria such as E. coli 
and Pseudomonas aeruginosa PAO (Quadroni et al., 1996, Quadroni et al., 1999). In P. 
aeruginosa PAO1, three classes of proteins were found to be upregulated during sulfate-
limited conditions. The first class was high-affinity periplasmic solute-binding proteins 
specific to sulfonates and enzymes involved in sulfonate and sulfate ester metabolism 
(Quadroni et al., 1999). The second class includes low-sulfur copies of important cellular 
proteins and the third class is made up of less specific proteins involved in general stress 
response such as antioxidants and lipoproteins (Quadroni et al., 1999). The SSI proteins were 
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not synthesised after heat shock, P or N starvation, or under anaerobic conditions which may 
indicate a specific response to the absence of sulfur or a related metabolite (Hummerjohann 
et al., 1998). 
Before the cleavage of sulfate from either sulfate-esters or sulfonates in the cell, the 
organosulfur must be taken up into the cell. Sulfate and organosulfur compounds, including 
sulfonates and sulfate esters, are strong acids and completely ionised at physiological pH. 
Their uptake requires an active transport system (Kertesz, 2001).  
 
1.7.2.3. Sulfate ester utilisation  
A wide range of bacteria is able to hydrolyse sulfate esters (Kertesz & Mirleau, 2004). Genes 
for arylsulfatases are detectable in fungi or higher organisms, whereas higher plants do not 
seem to be able to synthesise arylsulfatases (Knauff et al., 2003, Kertesz et al., 2007). The 
ability to utilise sulfate-esters is important for bacterial survival in agricultural soils as shown 
in a study using mutant strains which were unable to utilise sulfate esters (Mirleau et al., 
2005). Mutant strains of P. putida S-313 with mutations in genes required for in vitro 
desulfuration of sulfate esters and arylsulfonates (sftR and asfA) and in the ssu locus showed 
significantly reduced survival in contrast to the parent strain in bulk soil enriched with carbon 
and nitrogen, in order to mimic rhizosphere conditions.  
Alkyl-sulfate esters, such as dodecyl-sulfate, are degraded by alkylsulfatases that catalyse the 
hydrolytic cleavage of inorganic sulfate from the ester bond, releasing a parent alcohol which 
is further degraded or used to construct cellular lipids (Kahnert et al., 2002).  
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Arylsulfatases (aryl = functional group derived from an aromatic ring, such as phenyl or 
naphthyl) are synthesised by a multitude of soil bacteria. Arylsulfatases are mainly 
intracellular, and their expression is regulated through supply of inorganic sulfur to the cell 
by the transcriptional regulator CysB (Hummerjohann et al., 2000). Arylsulfatases are not 
specific for the cleavage of aromatic sulfate esters since they are also able to cleave sulfate 
from a variety of aromatic and sugar sulfates (Kertesz, 1999). Thus atsA genes encoding 
arylsulfatases play an important role in overall SO4
2- release in soils, considering the relatively 
high amount of aromatic sulfate esters, aromatic and sugar sulfates, which occur in soils and 
belong to the pool of sulfate esters, making up about 70% of the organic S fraction (Fitzgerald, 
1976, Freney, 1986). The number, loci, and location of the cell of enzymatic action of 
arylsulfatase genes varies among different species. While sulfatase in Klebsiella is a 
periplasmic enzyme, the enzyme in Pseudomonas is an intracellular protein (Kertesz, 1999).  
 While arylsulfatases are stable soil enzymes and have been used as a marker for biological 
activity in soils, alkyl sulfatase enzymes are also abundant in soils and were found in 15% of 
isolates obtained nonselectively from a noncontaminated environment (Kahnert et al., 2000).  
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1.7.2.4. Sulfonate utilisation  
For certain rhizobacteria, the ability to promote plant growth seems to be linked to their ability 
to utilise arylsulfonates (Kertesz et al., 2007). Pseudomonas putida S-313 with an insertion at 
the asf-locus, which is the responsible locus for the desulfurisation of arylsulfonates, was not 
able to promote growth of in vitro-grown tomato plants (Kertesz & Mirleau, 2004). Insertions 
at the ssu-locus, required for the utilisation of alkanesulfonates, also led to a reduction in the 
plant growth promoting properties of this strain, whereas no reduction in plant growth was 
observed when the strain was deficient in its ability to desulfurise sulfate-esters (Kertesz & 
Mirleau, 2004). Although the ability to utilise sulfate esters seems to be important for bacterial 
survival, these findings lead to the conclusion that the main effect of S-solubilising bacteria 
on plant-growth promotion is linked to the ability to utilise sulfonates. Since the main S-pool 
(up to 90% of organic soil S) for bacterial mobilisation relevant for plant growth promotion is 
the sulfonate-S pool (Ghani et al., 1993, Zhao et al., 2006, Kertesz et al., 2007), the ssuD gene 
encoding alknesulfonate monooxygenase, which relases SO4
2- from sulfonates, plays an 
important role regulating sulfur supply for plant growth and thus overall soil S cycling. After 
entering the cell via the transport system shown in figure 1.3, alkane and arylsulfonates are 
desulfurised by the enzyme monooxygenase SsuD (Kertesz et al., 2007). SsuD is a member 
of the extended family of two-component flavin containing monooxygenases (Valton et al., 
2006). The SsuD enzyme cleaves aliphatic sulfonates to the corresponding aldehydes, 
releasing sulfite for cysteine biosynthesis (Eichhorn et al., 1999). 
The best investigated bacterial strain that uses sulfonates as sulfur source is Pseudomonas 
putida S-313. Although not originally derived from the rhizosphere, P. putida S-313 
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represents the broad group of pseudomonads occurring in the rhizosphere (Zurrer et al., 1987, 
Vermeij et al., 1999, Kahnert & Kertesz, 2000, Kahnert et al., 2002). This strain desulfurises 
a wide variety of sulfonates, including aliphatic sulfonates, such as taurine and isethionate, 
but also aromatic sulfonates (Kertesz et al., 2007). 
In contrast to the SsuD enzyme of E. coli, the enzyme in P. putida can also desulfurise sulfite 
from aromatic sulfonates (as, for instance, toluenesulfonate) (Vermeij et al., 1999), but only 
if an additional locus containing the asfAB genes is present (Vermeij et al., 1999). The asfAB 
genes encode a reductase/ferredoxin system which is needed in particular for the cleavage of 
sulfur from aromatic structures (Vermeij et al., 1999). There are several pathways among 
bacterial species to degrade aromatic sulfonates, including a desulfonation before (as shown 
for Pseudomonas putida), during or after cleavage of the aromatic ring (Kertesz et al., 1994).  
The sulfate starvation proteins required for alkyl and sulfate ester utilisation, identified in P. 
putida S-313 (figure 1.3), are found on three different loci. Three gene clusters, responsible 
for desulfurisation of aryl- and alkylsulfonates, and sulfate-esters are located on the P. putida 
S-313 chromosome. Sulfate-esters and sulfonates are both transported into the cell via ABC 
type transporters, whose synthesis is regulated by the cell-sulfur supply. Their synthesis is 
mediated by the CysB protein. CysB is a transcriptional activator belonging to the LysR 
family of regulators regulating genes of the cys regulon which are also responsible for sulfur 
limitation responses (Kertesz, 1999, Hummerjohann et al., 2000).  
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1.7.2.5 Importance of the asfA and ssuD genes for soil S cycling 
 
 
 
 
Figure 1.3 
Aromatic desulfonation in Pseudomonas putida S-313 (Gram-negative). 
Sulfonates are transported into the cell by an ABC-type transporter AtsB and AtsC. AtsR is a sulfate ester 
binding protein and AsfC is a periplasmic binding protein (Vermeij et al., 1999). The FMNH2 dependent 
two component monooxygenase SsuED desulfonizes sulfonates. AsfA and AsfB are responsible for further 
electron transport. Additional unknown proteins are also involved in this process. The corresponding genes 
are located at 3 loci asf, ssu and ats. The expression of this system are regulated by the LysR-type regulator 
proteins AsfA, SSftR and CysB (Kertesz, 2001, Kertesz & Wietek, 2001).  
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1.7.2.5. Importance of the asfA and ssuD genes for soil S cycling  
Apart from the supply of S as mineral fertiliser or through atmospheric input, soil cycling of 
S is largely depending on microbial S mineralization. Sulfate release through microbial S 
mineralization is believed to either be driven through i) the microbial need for energy as C, 
where S is a by-product of the oxidation of C to CO2, as release of sulfate from sulfate esters 
through sulfatase enzymes, or ii) through sulfonatases which release C-bound S (sulfonates) 
under S-limited conditions (Eriksen, 2009). Thus factors influencing microbial activity, such 
as soil temperature, soil water content, soil pH and soil organic matter, are factors influencing 
soil S cycling. While arylsulfatases are abundant in soils and are used as a parameter for soil 
fertility (Knauff et al., 2003), sulfonatases, which release sulfate from sulfonates, are of major 
relevance for S supply for plant growth from the sulfonate-S pool (Ghani et al., 1993, Zhao et 
al., 2006, Kertesz et al., 2007). Both genes, which encode sulfonatases for the desulfurization 
of arylsulfonates (asfA and ssuD), have been demonstrated to be crucial for bacterial survival 
in soil. While the asfA gene is required for the desulfurization of sulfate esters and 
arylsulfonates, the ssuD gene encodes the enzyme alkanesulfonate monooxygenase which is 
catalysing the oxidation of alkanesulfonate to aldehyde and sulfite. In comparison to their 
parent strains, mutant strains of P. putida, deficient in the sftR & asfA genes and in the ssu 
locus, showed impaired survival rates in sulfur deficient soil, in which up to 70% of soil S 
occurred as sulfate ester or sulfonate. Interestingly growth was only impaired under conditions 
miming the rhizosphere through enrichment with C and N (Mirleau et al., 2005). No reduced 
growth was observed under non-enriched conditions, suggesting that, outside the rhizosphere 
carbon and nitrogen are more likely to be the limiting factors for growth (Mirleau et al., 2005).  
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1.7.3. S in plants 
Like all living organisms, plants require S as constituent of essential amino acids such as 
cysteine and methionine. The S contained in methionine represents about 90% of the total S 
in plants. In addition, S is essential in many enzyme-cofactors, such as thiamine, coenzyme 
A, coenzyme M. lipoic acid and biotin, because of its high redox potential (Kertesz et al., 
2007). S also is required in many redox processes as building block for Fe-S centres and as 
the redox-active component in disulfide-bonds (Solomon et al., 2011). Due to its metal-
chelating properties, S serves plants and microorganisms in heavy-metal stress responses 
(Meyer & Hell, 2005, Sharma & Dietz, 2006). When the limited availability of sulfur in certain 
soils leads to plant S-deficiency, this results in the loss of plant fitness and a decrease in food 
quality (Durenkamp & De Kok, 2004).  
Since the reductions in recent atmospheric deposit of sulfur and the lack of sulfur in highly 
formulated mineral fertilisers, sulfur deficiency has been reported for various crops across the 
globe. Canola (Brassica napus), barley and wheat (White & Brown, 2010, Zoerb et al., 2012) 
are only a few examples. Because of its high sulfur demand and its increased susceptibility to 
fungal pathogens, canola has been highly investigated for its response to sulfur deficiency 
(Grant et al., 2012, Weese et al., 2015). In wheat, S-deficiency affects mostly the reproductive 
growth, resulting in decreased grain size, and less S-rich proteins in the seed which has a 
negative impact on the bread-making properties of wheat (Zhao et al., 1999). Sulfur deficiency 
in wheat not only reduces the amount of sulfur containing amino acids but also has an impact 
on sugar metabolism, probably due to impaired photosynthetic productivity under sulfur-
limited conditions (Zoerb et al., 2012). 
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Fig 1.5 
Influence of S supply to a spring wheat grown in a sand culture on bread making quality. S-
supply decreased from the left to the right. Photo from (Zhao et al., 1999) 
 
Symptoms for S deficiency in wheat are similar to the symptoms for N-deficiency, such as for 
instance leaf chlorosis which is due to the dependence of photosynthetic processes on an 
adequate supply of S. In contrast to nitrogen deficiency, mostly younger leaves are affected, 
while older leaves remain green (Marschner, 1995).  
Plant sulfur uptake occurs mainly as inorganic sulfur either from the soil as divalent anion 
SO4
2- or, although of minor significance, through assimilation of atmospheric SO2 by the 
aerial parts of higher plants (Marschner, 1995, Agrawal, 2003, Durenkamp & De Kok, 2004, 
Yang et al., 2006, Kertesz et al., 2007). As observed for N, P and K, a depletion zone of S can 
also be found around the root (Jones et al., 2004, Kertesz et al., 2007). 
Plant uptake of cysteine and methionine derivatives has been little investigated, but would be 
of importance because a significant proportion of soil sulfur is present in these forms (Freney 
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et al., 1975, Kertesz et al., 2007). Some evidence for root uptake of amino acids and peptides 
has been found in the context of nitrogen uptake, and root uptake of glutathione has been 
reported for in vitro studies with bean seedlings (Phaesolis vulgaris) (Tausz et al., 2004), 
spruce seedlings (Picea sp.) (Zellnig et al., 2000) and cultured tobacco cells (Nicotiana 
tabacum) (Schneider et al., 1992). Major losses of S occur through the root as low molecular 
weight solutes, which are highly concentrated in the root cytoplasm, including amino acids 
and peptides (Farrar et al., 2003, Jones et al., 2004, Kertesz et al., 2007). After inorganic S 
has been taken up by the roots, it is mainly transported through the transpiration stream into 
the chloroplasts of developing leaves, where it is transformed into cysteine (Wirtz & Droux, 
2005). Biosynthesis of cysteine and methionine can also occur in the roots, or during seed 
maturation (Cairns et al., 2006, Hawkesford & De Kok, 2006). Sulfur and nitrate assimilation 
in green leaves both require reduction by ferredoxin for their incorporation into amino acids, 
proteins and coenzymes. Unlike nitrate, sulfur can also be utilised without reduction through 
incorporation into sulfolipids or polysaccharides (Marschner, 1995). 
However, most sulfur in soils cannot directly be taken up by plants and is organically bound, 
either as sulfate-esters, or sulfonates, which are not directly plant available, and can be 
solubilised through microbial enzymes, as described in section 1.7.2.3. & 1.7.2.4 (Kertesz et 
al., 2007, Schmalenberger et al., 2009).  
 
 
40 
 
1.7.4. Impact of sulfonate and sulfate-ester mobilising microbial communities 
on plant nutrition 
Which microorganisms mineralise natural sulfonates in agricultural cropping systems still 
needs to be elucidated, since only a few have been identified from rhizospheres of spring 
wheat and winter barley, comprising β-Proteobacteria and Actinobacteria (Schmalenberger 
& Kertesz, 2007). A broad diversity of asfAB-gene orthologues were found among 
rhizosphere microorganisms (Schmalenberger et al., 2008). In a study of the Broadbalk long-
term experiment, specific members of the Comamonadaceae with specific functions in sulfur 
mobilisation seemed to respond to changes of sulfur fertiliser supply, suggesting that 
particular rhizosphere organisms are specialised in the desulfurisation of aromatic sulfonates 
under S-limiting conditions (Schmalenberger et al., 2008). 
In contrast to these findings, the diversity of the asfAB genes in Rhodococcus did not show 
significant responses to fertiliser sulfur supply (Schmalenberger et al., 2009). A comparison 
of the abundance of β-Proteobacteria and desulfonating microbial communities between 
rhizosphere and bulk soil revealed clear differences, suggesting that an enrichment of 
specialised S-solubilising species occurs in dependence to the plant root under S-limited 
conditions (Schmalenberger et al., 2010).  
It has also been shown that activity, density and structure of arylsulfatase producing 
microorganisms differs in rhizospheres of plant species with a high requirement of S, such as 
canola (Brassica napus), to rhizospheres of barley (Hordeum vulgare) (Cregut et al., 2009). 
These findings could indicate that rhizosphere microbial arylsulfatase mobilising 
communities are “recruited” depending on the S-requirement of the plant.  
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Vesicular arbuscular mycorrhizae (VAM) are well known for their ability to contribute to 
plant phosphorus status. Under phosphate-limited conditions, VAM have also reduced sulfur 
starvation responses in plants, as shown for Medicago truncatula (Sieh et al., 2013).  
Although VAM are prominent for their ability to solubilise plant-unavailable P, they can also 
increase uptake of other nutrients as for example Zn, nitrate, ammonium, Cu, K and others 
(Cavagnaro, 2008). Higher shoot concentrations of P, Zn, N, S and Na were measured in 
tomato plants with VAM than in a mycorrhiza-deficient mutant (Cavagnaro et al., 2006).  
In contrast to fungal communities, bacterial communities seem to play a major role in 
sulfonate mobilisation in the soil ecosystem. Amendment of grassland turf with different 
sulfonates led to changes in overall bacterial and desulfonating bacterial communities, while 
fungal communities weren’t affected (Schmalenberger & Noll, 2014). However, mycorrhizal 
hyphae can increase sulfur mobilisation from organic S-containing compounds by accessing 
an increased volume of soil with their hyphae and by interacting with sulfonate- and sulfate 
ester mobilising bacteria (Gahan & Schmalenberger, 2014).  
Obtaining more information about what microorganisms are involved in S-mobilisation under 
S-limiting conditions may be helpful for the development of inoculation strategies of 
agricultural crops. Knowledge about environmental conditions favouring those specialists can 
help to optimise crop production systems in regards to a balanced nutrient supply. 
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Fig 1.6  
Overview of sulfur cycling in soil and sulfate assimilation by plants.  
The plant takes up sulfur as SO42- through their root system (heavy arrow) and transports it through the 
xylem into the leaves, where it is synthesised into cysteine, although some sulfate reduction occurs in 
the root (Hawkesford & De Kok, 2006). SO42- and H2S can also be taken up through the leaves 
(Marschner, 1995). The root can also take up glutathione (GSH) and derivatives of Cysteine and 
Methionine (Cys/Meth). Although it is not yet clear how, microbially solubilised sulfate gets into the 
soil solution to be taken up by the plant. Microbes are solubilising SO42- from C-bonded-S and sulfate-
esters (heavy arrows) (Kertesz et al., 2007). Mycorrhizal hyphae can increase sulfur mobilisation from 
organic soil S-pools by increasing the soil volume accessible by roots through their hyphae and by 
interacting with sulfonate- and sulfate ester mobilising bacteria (Gahan & Schmalenberger, 2014). 
Adapted from (Kertesz et al., 2007) 
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1.8. Agricultural measures and their impact on microbial nutrient solubilisation 
The biggest effect on soil microbial diversity is likely to be due to the conversion from a 
natural ecosystem to an agricultural ecosystem, which leads to a decline in microbial biomass 
and readily oxidizable carbon. Different cropping systems per se have a minor impact (DuPont 
et al., 2010). The transition from natural to agricultural ecosystems affects overall and 
functional microbial community structure across different climatic regions (Peixoto et al., 
2010, Ding et al., 2013). Changes in microbial diversity and structure of microbial 
communities and microbially mediated processes, such as C and N cycling, are strongly 
influenced by land use practices (Bissett et al., 2011).  
Since there is evidence that C, N, P and S cycling are closely interlinked, the question is, how 
distinct agricultural measures can impact overall and sulfur mobilising communities in the 
rhizospheres of wheat. 
Agricultural practices include a multitude of measures, such as tillage, use of pesticides 
(section 1.8.2.) and fertiliser (section 1.8.3.), as well as the choice of plant genotype (section 
1.8.4.) and crop rotation (section 1.8.5.).  
A further approach to promote plant growth and enhance nutrient use efficiency in agricultural 
plants is the application of PGPR (section 1.8.6.). 
Since most agricultural practices in the field are applied simultaneously, it can be hard to 
distinguish which factor, in the interplay of environmental factors contributes to major 
changes in overall microbial diversity and in the functional, sulfonate mobilising bacterial 
community.  
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1.8.1. Influences of tillage on microbial communities 
Tillage is defined as preparing land through mechanical manipulation to provide a favourable 
environment for the germination of seeds and crop growth. Physical, chemical and biological 
properties of soil are influenced by tillage which has a major impact on long-term soil 
productivity and sustainability. Conventional tillage practices are often based on soil-
disruptive measures, such as disking or ploughing the soil, and can adversely affect long-term 
soil productivity due to erosion and loss of organic matter in soils (Mathew et al., 2012). 
Sustainable soil management can be practiced through conservation tillage, which entails 
minimum disturbance of soils and a high return of crop residues (Hobbs et al., 2008). The 
integration of measures, such as mulching of weeds and application of manure into non-tillage 
systems, increases soil organic matter, microbial biomass (Helgason et al., 2010), soil carbon 
(Lal et al., 2003), mineralizable N (Spargo et al., 2011), enzyme activities (Alvear et al., 
2005), and populations of earthworms. Earthworms form water stable aggregates with positive 
effects on soil draining, soil moisture and soil aeration (Arai et al., 2014).  
Mycorrhizal fungi of the order Glomerales showed much higher diversity in woodlands than 
in arable lands (Helgason et al., 1998). The effects of various agricultural measures can 
contribute to decreased diversity of Glomerales such as the application of pesticides and 
fertilisers, and ploughing. In comparison to no-tillage, tillage with chisel-disks reduced spore 
numbers and colonization of maize roots (Galvez et al., 2001). Compared to non-till, 
mouldboard ploughing in autumn followed by spring disking also significantly reduced total 
hyphal density and spore density at 0–5 cm depth, whereas root colonization by VAM in corn 
plants wasn’t affected (Kabir et al., 1998). Furthermore reduced VAM spore densities in soils, 
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cultivated with soybean were attributed to tillage in a long-term field experiment (Sheng et 
al., 2013). In addition, conventional tillage affected the diversity of VAM communities in 
corn roots when compared to no-till (Miras-Avalos et al., 2011). 
Tillage not only affects fungal diversity, but also bacterial diversity. Bacterial substrate 
utilisation assessed by BIOLOG was significantly affected in a continuous wheat cropping 
system in soils subjected to conventional tillage as compared to no tillage (Lupwayi et al., 
1998). 
A metagenomic analysis of microbial functional gene diversity under different tillage and crop 
management regimes in a 13 year-field experiment revealed differences in functional 
subsystems. More sequences related to carbohydrate metabolism were found in the 
conventional tillage system, possibly because of the lower content of soil organic matter and 
the need of microorganisms to metabolize a broader range of carbon sources. In the no-till 
system more sequences were associated with the metabolism of aromatic compounds, which 
might be related to higher microbial capacity to degrade pesticides, which are used more in 
no till systems (Souza et al., 2015).  
 
1.8.2. Impact of pesticides on soil microbial communities 
The use of pesticides influences the composition of microbial communities in the soil. 
Pesticides comprise a large variety of chemicals, which are routinely used in crop practices, 
including herbicides, fungicides, insecticides and soil-fumigants. Various studies of the 
impact of pesticides and additives on overall and functional soil microbial communities have 
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raised concern (Banks et al., 2014). Microbial degradation of pesticides in soil depends to a 
large extend on soil factors such as pH, soil texture, soil organic matter content, soil nutrient 
composition, soil temperature and moisture (Weber et al., 1993, Hixson et al., 2009). 
Pesticides can influence microbial communities either by affecting certain bacterial taxa, by 
altering the expression of functional genes, or by influencing enzyme activity (Jacobsen & 
Hjelmso, 2014). Long-term field experiments using different herbicides and fungicides 
showed decreased microbial species diversity as well as an overall decline in heterotrophic 
bacteria (Tan et al., 2012). For instance, a comparative DGGE (denaturing gradient gel 
electrophoresis) analysis of 16S rRNA gene diversity in soils with a 10 year history of 
phenylurea herbicide application and soils not being subjected to the pesticide treatment, 
revealed significant differences between the treated and the non-treated soil. Furthermore 
species diversity in soils treated with phenylurea seemed to be decreased. Phenylurea 
herbicide application also changed the substrate utilisation patterns of soil microbial 
communities assessed with BIOLOG. These findings show that functional activities are 
altered by long-term herbicide application (El Fantroussi et al., 1999). For the widely used 
herbicide glyphosate a range of different impacts on soil microbial communities has been 
observed. In rhizospheres of glyphosate-resistant canola, the combined application of 
glyphosate and 2, 4-D (2, 4-Dichlorophenoxyacetic acid) decreased the functional diversity 
of soil microbes measured by BIOLOG (Lupwayi et al., 2009). Another study, comparing 
single applications of glyphosate with five repeated applications to a silt-loam soil, showed 
that fatty acid methyl esters (FAMEs), common to gram-negative bacteria, were increased in 
the soil which was treated five times, compared to the soil receiving the single treatment. In 
addition, the abundance of gram-negative Burkholderia spp. was increased and incorporation 
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of 14C into soil microbial biomass was higher (Lancaster et al., 2010). These findings suggest 
that shifts in microbial and functional communities are likely to be caused by herbicide 
application with unknown effects on overall microbial and functional diversity, and can have 
impacts on food-webs, including higher organisms.  
 
1.8.3. Response of soil microbial communities to fertiliser  
Fertiliser, applied as organic farmyard manure or as mineral NPK fertiliser can influence soil 
microbial communities and functional communities by causing changes in soil pH or nutrient 
availability. Furthermore, plant uptake mechanisms of different forms of nutrients, such as 
nitrate-N or ammonium-N, can lead to significant changes in rhizosphere pH (Zhong et al., 
2010). pH has been found to be a major driver of soil microbial communities in various 
studies.  pH was the major driver of soil microbial communities across a spatial gradient 
within 3 different vegetation types (Osborne et al., 2011) or at over 1000 locations across 
Great Britain (Griffiths et al., 2011) or on a continental scale (Jones et al., 2009). Even local, 
small-scale changes of pH, such as in the rhizosphere, have an impact on microbial biomass 
and composition (Cloutier-Hurteau 2011).  
The addition of C-rich substrate including nutrient amendment and the supply of organic 
matter, such as straw or mulch to soils, can have positive or negative effects on soil enzyme 
activity, as shown both for natural ecosystems, and agroecosystems. A meta-analysis of 107 
datasets from long-term field trials around the world showed that natural ecosystems react to 
N addition by decreasing soil microbial biomass, whereas agricultural systems show increased 
microbial biomass. Furthermore a pH-dependent increase in soil carbon as response to N-
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amendment was observed (Geisseler & Scow, 2014). The C:N ratio of the applied fertiliser, 
including organic fertilisers, such as manure or straw, and the addition of carbon sources along 
with N fertiliser were shown to affect the composition of microbial communities in long-term 
field experiments. Compared to a treatment with farmyard manure, an amendment with 
mineral fertiliser (NPK) led to a higher ratio of Gram + to Gram – bacteria, and a higher ratio 
of bacteria to fungi, as determined by signature phospholipid fatty acids. While the overall 
microbial community structure was affected by the treatments, eukaryotic community 
structure was only signiﬁcantly affected by organic C content and C/N ratio (Marschner et al., 
2003). Amendment of a sorghum crop with different amounts of N-fertiliser showed 
significant differences in nifH gene diversity in a Brazilian Cerrado soil, pointing out the 
strong influence of N fertiliser on nifH gene rhizosphere community structure (Coelho et al., 
2008). Diazotrophic communities analysed using T-RFLP in rhizospheres of Jerusalem 
Artichoke (Heliantus tuberosus L.) showed higher numbers of diazotrophic bacteria in the 
low N treatment, suggesting that higher amounts of N fertiliser negatively affect the 
abundance of diazotrophs (Meng et al., 2012). Another study comparing organic and 
conventional fertiliser management in a sandy loam in northeast England found only little 
impact of different farming systems on overall microbial and diazotrophic communities as 
assessed with DGGE, but found a lower number of nifH gene copy numbers in soils subjected 
to the conventional management, when measured with qPCR. This finding was attributed to 
the use of pesticides rather than on the form of N-fertiliser applied (Orr et al., 2012). It can be 
summarised that high N level impacts the abundance and diversity of nifH genes, whereas the 
N-form applied (organic or mineral) can influence overall microbial community structure in 
some cases, probably depending on type of fertiliser and soil properties.  
49 
 
Similar observations have been made for other microbial genes involved in nutrient cycling. 
The phoD gene encodes the enzyme alkaline phosphatase. Extra-cytoplasmic alkaline 
phosphatases come predominantly from the PhoA, PhoX, and PhoD families, with genes 
encoding PhoD enzymes being most abundant (Luo et al., 2009). These enzymes are 
phosphodiesterases but also have significant phosphomonoesterase activity (Yamane & 
Maruo, 1978). Long-term phosphorus fertilization with calcium superphosphate influenced 
phoD gene diversity and increased phoD gene abundance as well as number of bacterial taxa, 
whereas the abundance of specific taxa, such as Acidobacteria and Pseudomonas fluorescens, 
was decreased (Tan et al., 2013). An amendment with organic matter compared with mineral 
fertilization caused shifts in communities of alkaline-phosphatase (ALP) harbouring bacteria 
(Sakurai et al., 2008).  
Sulfate amendment of Agrostis stolonifera dominated, S-limited turfs decreased the asfA gene 
sequences found among the cultivable bacteria, isolated from Agrostis rhizospheres. In 
addition the number of the desulfonating bacterial species Polaromonas sp. and Variovorax 
sp. declined with sulfate amendment, whereas Cupriavidus-like desulfonating asfA sequences 
increased. These findings suggest that nutrient amendment can alter the microbial community 
structure and cause shifts in bacterial populations by increasing or decreasing certain 
functional specialists (Schmalenberger et al., 2010).  
Different levels of inorganic sulfate in an agricultural system correlated with changes in 
overall bacterial community structure and the β-proteobacterial community structure in 
particular. However, the asfAB-gene diversity was also affected, suggesting that the 
occurrence of desulfonating bacteria is specific to S-fertilization regime (Schmalenberger et 
al., 2008). The overall observation seems to be that particular fertilisers of N, P and S, except 
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fertilisers which are based on rock phosphate, decrease abundance of the functional 
communities responsible for the solubilisation of each particular nutrient in in-soluble forms, 
whereas an amendment with organic matter seems to have a positive effect on general and 
functional microbial communities.  
 
1.8.4. Plant species and plant genotype  
Different plant species select through their composition of root exudates for a distinct overall 
microbial community in their rhizospheres and also for a specialised functional community in 
individual rhizospheres (Marschner et al., 2001, Busby et al., 2014, Fischer et al., 2014, Uksa 
et al., 2014). The impact of plant species and cultivar on 16S rRNA gene and functional gene 
diversity is described in detail in chapter 5.  
  
1.8.5. Crop rotations 
Recent research has suggested a positive impact of crop rotations on microbial biomass 
(Meriles et al., 2009, Gonzales-Chaves et al., 2010). Different plant species or fallows used 
in crop rotations within agri- or horticultural systems can influence 16S rRNA gene soil 
microbial diversity in the short-term, and can also exert long-term effects on microbial 
diversity (Maul & Drinkwater, 2010, Maul et al., 2014). The influence of crop rotations on 
overall and functional rhizosphere microbial communities is described in chapter 6.  
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1.8.6. Inoculation treatments 
Whether an inoculation with fungal or bacterial organisms can have a long-term effect on the 
native microbial populations depends on a multitude of factors. First, the inoculum needs to 
survive and colonise the root under the given environmental conditions, which are influenced 
by soil edaphic and climatic factors and the interaction with the target plant (Schloter & 
Hartmann, 1998). The interaction with the target plant is determined by chemotaxis and host-
compatibility (Bais et al., 2006, Oku et al., 2012), and also by antagonistic or synergistic 
effects of the native soil microbiota (Trabelsi & Mhamdi, 2013).  
Commercialisation of PGPR inocula is often difficult, since formulations need to be 
standardised and reliable. Reliability depends on consistent performance of the PGPR under 
field conditions. Consistent performance is given when an effective number of viable PGPR 
organisms is able to survive in the rhizosphere and successfully colonise the root. Effects of 
inoculation with PGPR are described in detail in chapter 4.  
 
Table 1.1 lists examples of the potential use of inoculants enhancing nutrient fixation or 
solubilisation with positive effect on plant nutrition. However, the distinction between 
enhanced nutrient status because of a) nutrient fixing or nutrient solubilising properties of 
microorganisms and b) the effect of phytohormones synthesised by rhizosphere 
microorganisms leading to an increased root growth and therefore an enhanced nutrient status 
is often difficult (Calvo et al., 2014).
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Table 1.1: Enhancement of plant nutrient status through PGPR application 
 
 
Nutrient 
 
Microorganism(s) 
 
Plant 
 
Conditions 
 
Observed effect 
 
Reference 
Cu, Fe Pseudomonas 
fluorescens, 
 Rhizobium 
leguminosarum 
 
Alfalfa 
(Medicago sativa) 
Growth 
chamber 
Significantly higher 
metal content (mg 
per kg plant dry 
mass) in roots, stems 
and shoots of 
inoculated plants 
 
(Carrillo-Castaneda et al., 
2003) 
P, S, Mg,  
Cu, Fe, Zn 
Bacillus subtilis,  
Variovora paradoxus,  
Paenibacillus polymyxa,  
Pseudomonas putida 
Italian Ryegrass 
(Lolium 
multiflorum L.) 
Field Increased dry matter 
content, higher plant 
content of P, S, Mg, 
Cu, Fe, Zn 
(Yolcu et al., 2011) 
P Glomus intraradices & 
Enterobacter sp., 
Bacillus subtillis 
 
Onion 
(Alium cepa L.) 
Greenhouse Increased N and P 
content in plant dry 
matter. Higher plant 
P uptake from 
mobilisation through 
VAM from 
rockphosphate 
measured by isotope 
dilution technique 
 
(Toro et al., 1997) 
N, P Phyllobacterium sp., 
Bacillus licheniformis 
 
Mangrove  
(Aviennia 
germinans) 
In vitro Higher phosphate 
solubilisation. 
Higher incorporation 
(Rojas et al., 2001) 
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of 15N into leaves of 
inoculated plants, 
more leaf formation 
in inoculated plants 
 
N, P, K Glomus mosseae/ 
Glomus intraradices &  
Azotobacter 
chroococcum,  
Bacillus megaterium,  
Bacillus mucilaginous 
 
Corn 
(Zea mays) 
Greenhouse Increased shoot 
content of N, P and 
K, increased plant 
height and dry 
matter 
(Wu et al., 2005) 
N, P, K, Zn, 
Mn 
Bacillus sp.,  
Thiobacillus sp. 
 
Canola  
(Brassica napus L.) 
Field Enhanced content of 
N, P, K, Zn, Mn in 
dry ash. Oil 
production per ha 
increased between 
3035 and 548 kg 
(Salimpour et al., 2012) 
N, P, K 
 
Glomus intraradices & 
Bacillus sp. 
 
Corn 
(Zea mays) 
Field Increased plant 
height and yield in 
inoculated plants. 
Higher removal of 
soil N, P and K from 
inoculated plots 
(Adesemoye et al., 2008) 
N, P, K  
 
Pseudomonas 
fluorescens 
 
 
Wheat  
(Triticum aestivum) 
 N, P, K fertiliser 
replacement through 
inoculation at 
comparable growth 
(Shaharoona et al., 2008) 
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N, P, K Pseudomonas 
alcaligenes,  
P. denitrificans, 
Bacillus polymyxa,  
Mycobacterium phlei  
 
Cotton 
(Gossypium 
hirsutum L.),  
Pea 
(Pisum sativum) 
Field Inoculation 
increased shoot dry 
weights up to 38% 
during early growth 
stages. Higher N, P 
and K contents. 
13–42% increase in 
total N, P and K 
content. 
(Egamberdiyeva & Hoflich, 
2004) 
 N Azospirillum brasilense, 
Azospirilum lipoferum 
 
Wheat  
(Triticum aestivum) 
Greenhouse 7-12% of plant 15N 
derived from 
biological nitrogen 
fixation. 15N uptake 
experiment. 
(Malik et al., 2002) 
N Free-living diazotrophs 
 
 
 
Sugar cane  
(Saccharum 
officinarum) 
Field Sugarcane varieties 
obtaining up to 60% 
(150 kg ha-1 per 
year) of their N 
requirement from 
BNF. Measured with 
15N uptake 
experiment 
(Boddey et al., 1991) 
N Herbaspirillum 
seropedicae 
Rice 
(Oryza sativa) 
In vitro Approximately 30% 
increase in N content 
compared to 
uninoculated control. 
15N uptake 
experiment. 
(James et al., 2002) 
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It is well established decisions about crop management have an impact on plant health and 
nutrient status. Decisions include the choice of an adapted plant genotype or the choice of a 
crop rotation, which can either break disease cycles or enhance N in soils, as well as other 
measures, such as fertilization or inoculation treatments with nitrogen fixing organisms. It can 
be hypothesised that the effects of those measures on microbial soil life influence not only 
overall 16S rRNA gene diversity, but also can have an effect on functional level. Since the 
plant uptake of N, S and P needs to occur at a well-balanced ratio, one can assume that changes 
in N soil levels, such as high and low N fertiliser level, nitrogen fixation through symbiotic, 
or associative N-fixing microorganisms do also affect microbial communities involved in 
sulfur cycling such as ssuD gene harbouring organisms.  
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1.9. Microbial community analysis 
1.9.1. Culture-based approaches 
Culture-based, non-molecular methods, such as viable plate counts or most probable number 
(MPN) assays, can be used to assess specific culturable populations. Defined media containing 
certain P- or S-sources are useful to study the ability of bacterial isolates to utilise certain P- 
or S-sources as for example phytates or arylsulfonates (Beil et al., 1995). The growth and thus 
the ability of diazotrophs to fix atmospheric N can be tested in N-free medium (Mirza & 
Rodrigues, 2012). The main advantage of culture-based approaches are their simplicity and 
cost-efficiency, and the strains isolated with help of these methods can be used for further 
physiological or genetic investigations. The clear disadvantage is that cultivable 
microorganisms only comprise about 1% of all organisms in soils, and therefore cultivation-
dependent approaches only give insight into a small fraction of the functional diversity of soil 
microorganisms (Staley & Konopka, 1985, Epstein, 2013). In addition, growth behaviour of 
bacteria on an artificial medium is different from their behaviour in the soil. This different 
behaviour gives a biased picture of the behaviour of the investigated species in the soil 
environment.  
Strains isolated using culture-dependent methods can be further examined using Polymerase 
Chain Reaction (PCR) based molecular techniques. Sequencing of PCR-amplicons from 
isolated strains can give information about the identity of a strain by comparison with known 
gene sequences. However, for whole community analysis, culture-independent molecular 
methods are more advantageous (Hill et al., 2000). 
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1.9.2. PCR based approaches  
Most molecular methods, which have been developed to investigate soil microbial 
communities, are based on the analysis of ribosomal RNA genes (rDNA) (Torsvik & Ovreas, 
2002). Microbial diversity in soils can be assessed using the PCR based approaches such as 
denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 1993), Terminal Restriction 
Fragment Length Polymorphism (T-RFLP) (Thies, 2007) or next generation sequencing 
(Rincon-Florez et al., 2013). A successful isolation of the soil DNA is required, which can be 
obtained using extraction methods that include dislodgement and extraction of surface 
attached cells, cell lysis and homogenisation and physio-chemical separation of the DNA from 
other compounds, such as proteins and humic acids which could inhibit a subsequent PCR 
reaction (Holben et al., 1988, Smalla et al., 1993, Miller et al., 1999). Most approaches to 
assess overall microbial diversity with DGGE or TRFLP target either the 16S (for 
prokaryotes) or 18S (for eukaryotes) rDNA fragment or the internal transcribed spacer-region 
ITS (in fungi) (Nilsson et al., 2008). The 16S rRNA gene is a widely used molecular marker 
in molecular microbial ecology, providing exact phylogenetic information up to species level 
(Weisburg et al., 1991, Case et al., 2007).  
If the abundance or expression of a certain functional gene among all soil bacteria needs to be 
investigated, degenerate primers, targeting different sequences across a phylogenetic range of 
species, can be used. The target region can be amplified by PCR for further downstream 
applications such as DGGE or TRFLP. In-silico PCR with the sequence of interest provides 
information about the coverage of the primer set of all database-known sequences and the 
theoretical binding properties (Ashelford et al., 2002, Kalendar et al., 2011).  
58 
 
1.9.2.1. Denaturing gradient gel electrophoresis (DGGE) 
Microbial communities from environmental samples were first analysed by DGGE in 1993 
(Muyzer et al., 1993, Curtis et al., 2002). The principle of this method is the separation of 
DNA fragments by their (individual) content of the bases guanine (G) and cytosine (C). DNA-
fragments are separated in polyacrylamide gels containing a linear DNA denaturing gradient 
(using denaturants such as urea and formamide). DNA fragments are separated through 
electrophoresis. When the double-stranded DNA migrates down on the gel and reaches the 
denaturing point, the structure of the DNA changes from helical to partially melted (Muyzer 
et al., 1993). Variation in the GC content of each individual sequence causes different 
denaturing points, so that molecules with different sequences will stop migrating downwards 
the gradient-gel at different positions (Muyzer & Smalla, 1998). A G+C rich sequence, the 
so-called GC-clamp is attached to one end of the DNA fragments during PCR amplification. 
This clamp, which acts as a high melting domain, prevents the DNA double strand from 
melting completely into two single strands (Muyzer & Smalla, 1998).  
The advantage of DGGE is that time series and population dynamics of microbial 
communities depending on certain environmental influences can be investigated. Single bands 
of interest can be cut out and the respective sequences can be determined, allowing a 
taxonomic assignment (Oros-Sichler et al., 2007). The disadvantage is that only a limited 
number of samples can be compared with each other, since comparability is only given within 
one gel and the number of lanes on each gel is limited. Only populations that make up 
approximately >1% of the total microbial community can be detected, and thus minor 
components, which may play an important role, stay undetected (Oros-Sichler et al., 2007). 
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Furthermore this method is relatively time-intensive compared with other fingerprinting 
methods such as T-RFLP. DGGE is a suitable approach to give information about treatment-
related changes in communities or gene- abundance and expression. Treatments can include 
inoculation with microorganisms, the choice of different plant genotypes or plant age. DGGE 
allows the comparison of a limited number of rhizosphere samples and the identification of 
dominant species contained in those samples.  
 
1.9.2.2. Terminal restriction fragment length polymorphism (T-RFLP) 
Like DGGE, T-RFLP can be used for comparative analyses of microbial communities and is 
PCR based (Liu et al., 1997, Marsh, 1999). The results of T-RFLP are replicable, and since 
the amount of samples analysed in a T-RFLP are not limited, T-RFLP allows a much higher 
throughput and the results are comparable (Thies, 2007).  
Universal primers, which are labelled with a fluorescent dye, are used to amplify the 
sequences of interest by PCR. PCR amplicons are later digested using restriction enzymes 
with 4-bp recognition sites. The restriction enzyme digest of the PCR product results in 
fluorescently-labelled terminal restriction fragments (T-RFs). Only the fluorescently labelled 
terminal fragments are recognised by the automated DNA sequencer so that each fragment 
represents a unique OTU (operational taxonomic unit) (Blackwood et al., 2003, Singh et al., 
2006, Singh & Thomas, 2006). The relative size of each terminal restriction fragment (T-RF) 
and the number of T-RFs within one sample can be assessed by measuring varying migration 
distance and peak height (Oros-Sichler et al., 2007). Like DGGE the microbial diversity of a 
community can be estimated, but terminal restriction sites can be unspecific and 
60 
 
phylogenetically distant taxa can share the same T-RF which can lead to overestimation of the 
number of taxa (Oros-Sichler et al., 2007). Unlike DGGE bands, T-RFs cannot be recovered 
for further sequencing.  
While the advantages of DGGE are higher discrimination, and the possibility of identification 
of the species by sequencing, T-RFLP allows higher throughput and comparability between 
samples (Enwall & Hallin, 2009). Therefore T-RFLP is the method of choice for analysing a 
high number of samples, as for instance from complex field trials, whereas samples of 
particular interest, such as identification of abundant or expressed strains or genes, can be 
analysed using DGGE.  
 
 
1.9.2.3. Multiplex PCR, multiplex T-RFLP 
Interactions between fungal and bacterial species in different ecosystems can be synergistic, 
antagonistic or neutral (Artursson et al., 2006). This may include functional communities, 
such as diazotrophs and mobilisers of organically bound sulfur, as investigated in this project, 
and many other functional communities.  
In cases where changes in diversity of two or more functional genes need to be investigated 
simultaneously, multiplex PCR can be performed. Multiplex PCR is a PCR which 
simultaneously uses different primer-pairs (Singh et al., 2006). T-RFLP as a rapid and 
sensitive method has recently only been used with one single relevant biomarker at the time, 
but a comparison between single T-RFLP and multiplex, or M-TRFLP (using different primer 
sets in the previous PCR step) has shown that M-TRFLP provides various advantages, in 
particular saving time and costs, while delivering reproducible and comparable data (Singh et 
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al., 2006). However, this method has only been used in a limited number of studies, possibly 
due to the constantly decreasing costs and higher efficiency of next generation sequencing 
approaches (see following section 1.9.2.4.) 
 
1.9.2.4. Pyrosequencing and metagenomics 
PCR-based high throughput sequencing, or also called next generation sequencing or 
massively parallel sequencing, are increasingly being used in complex environments like soil.  
While traditional Sanger sequencing provides the long read length (~1000 bp) and base-
calling accuracy required for analyses of sequences, it is unsuitable for the generation of 
sufficient sequencing data (termed sequencing depth). Sufficient sequencing data is required 
to assess complex microbial systems found in environmental samples, under time restricted 
conditions (Tonge et al., 2014). Development of high throughput DNA sequencing makes it 
possible to study microbial communities in their natural environment without cultivating 
individual species, using either “whole metagenomics” or “amplicon-based metagenomics”. 
Whole metagenomics assesses the diversity and the function of microbial communities. The 
isolated DNA from environmental samples is sequenced at random and the DNA fragments 
are either analysed directly or assembled to construct genomes of the microbial populations 
(Tyson et al., 2004). The advantage of this approach is that the amount of data generated is 
claimed to be proportional to the complexity of most microbial communities (Vanwonterghem 
et al., 2014).  
Amplicon based metagenomics targets a single gene, which is PCR amplified using a specific 
primer set, followed by sequencing the amplicon with a next generation sequencer (Acosta-
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Martinez et al., 2008, Logares et al., 2014). Although the most commonly analysed amplicon 
is the 16S rRNA gene, amplicon based metagenomics are increasingly being used to assess 
functional genes in environments, as for example genes with importance for nutrient cycling 
(Sanchez et al., 2013, Collavino et al., 2014). 
The number of bacterial species per gram soil is estimated to range from 2,000 to 8 million 
and varies with soil type and soil use (Roesch et al., 2007). New sequencing approaches, such 
as 454 pyrosequencing, do not only enable the detection of up to 50,000 species per sample, 
but also give information about the sequence and therefore taxonomic proximity of each OTU 
(Roesch et al., 2007, Nacke et al., 2011).  
Metagenomic (DNA-based) and metatranscriptomic (RNA-based) approaches are using 
technologies such as 454 Pyrosequencing or Illumina sequencing (Carvalhais et al., 2012, 
Rincon-Florez et al., 2013).  
The 454 pyrosequencing method is a DNA sequencing method based on the detection of 
inorganic pyrophosphate during the DNA polymerization reaction. When the polymerase 
incorporates nucleotides, the pyrophosphate released is converted to ATP, which provides 
energy for a luciferase to oxidise luciferin, causing a light emission which is then detected 
(Elahi & Ronaghi, 2004). 454 Life Sciences developed a pyrosequencing method in which 
beads are attached to DNA fragments. The beads with the attached DNA fragments are 
captured in droplets which contain a PCR reaction mixture. Emulsion-PCR is performed in a 
PicoTitre plate containing 1.6 million wells. Each nucleotide added in the PCR reaction is 
detected as pyrophosphate release (Hudson, 2008). The current 454 Life Sciences GS FLX+ 
instrument applies 100 flows of each nucleotide. The resulting reads create up to 700 Mb of 
data. Read lengths of up to 1000 bp are provided while about 1,000,000 reactions are 
63 
 
performed simultaneously (http://454.com/products/gs-flx-system/index.asp) (454 Life 
Sciences). Development of high-throughput sequencing platforms and higher output 
compared to conventional cloning and sequencing approaches allow the detection of rare 
bacterial and archaea genera. Furthermore microbial communities can be investigated in 
their natural environments without isolating and cultivating single species (Cardenas & 
Tiedje, 2008).  
Like the 454 sequencing approach, the Illumina Genome Analyzer is based on the concept of 
sequencing by synthesis. The principle steps of Illumina sequencing are the attachment of 
DNA molecules to primers, which are covalently attached to a slide in a flow cell, followed 
by amplification of the DNA producing local clusters of identical molecules. Forward and 
reverse primer are both attached to the slide, and priming takes place when the free end of a 
ligated DNA fragment "bridges" to a complementary oligo on the slide surface. The 
nucleotides added during DNA amplification are each fluorescently labelled with a different 
colour and attached with a blocking group. The blocking group consists of 3′-OH chemically 
inactivated to ensure that only a single base is incorporated per cycle. After each base 
incorporation cycle an image is taken to identify the incorporated nucleotide at each cluster. 
After this imaging-step, the fluorescent group is removed and the blocking 3′ end for the next 
base incorporation cycle is de-blocked. At the end of the process the sequence of each cluster 
is computed and subjected to quality filtering (Mardis, 2008, Meyer & Kircher, 2010).  
Sequence reads up to 200 bp from a maximum of six billion reads per run of surface-amplified 
DNA fragments are produced simultaneously (Mardis, 2008, Rincon-Florez et al., 2013). The 
most powerful Illumina sequencer is the HiSeq 2500 
(http://www.illumina.com/systems/sequencing.html) (Sequencing Systems). 
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In comparison to the Roche 454 FLX pyrosequencer, Illumina sequencers have shorter reads 
and a much higher throughput. Therefore Illumina sequencers are well suited to gene 
expression studies of complex soil environments (Rincon-Florez et al., 2013). In comparison 
with 454 pyrosequencing, Illumina sequencing has gained increasing popularity due to its 
advantages. The advantages of Illumina include more sequencing depth, higher accuracy and 
higher throughput and cost-efficiency (Li et al., 2014, Nelson et al., 2014).  
 
Because molecular fingerprinting methods, such as DGGE and T-RFLP and also next 
generation sequencing approaches work with different ranges of PCR-product sizes, it is 
important to match the primers for a particular DNA sequence to the method of detection.  
Using novel sequencing approaches and fingerprinting methods together can serve as an 
approach that combines the sequencing depth of next generation sequencing, while still 
offering a cost-efficient evaluation of changes in microbial diversity, and information about 
the dominant species present (Camarinha-Silva et al., 2012, Weissbrodt et al., 2012). 
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1.10. Aims of this project 
The aims of this project are to 
 
1) To evaluate whether an inoculation treatment with Azospirillum brasilense and 
Herbaspirillum seropedicae can promote shoot and root growth of different wheat genotypes, 
grown in in mesocosms, and to measure treatment-related changes in root morphology 
 
2) To design universal primers for the bacterial ssuD gene which cover a broad diversity of 
soil microorganisms and to develop a T-RFLP protocol 
 
3) To test the impact of five wheat genotypes and inoculation treatments with Azospirillum 
brasilense on rhizosphere 16S rRNA gene and ssuD gene diversity under controlled and under 
field conditions 
 
4) To measure the impact of crop rotation and fertiliser levels on 16S rRNA gene diversity 
and ssuD gene diversity 
 
5) To evaluate differences in ssuD diversity in wheat and canola rhizospheres across a 
geographical transect 
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Chapter 2 
Materials and methods 
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2. Materials and methods 
2.1. Chemicals 
Chemicals for nutrient solutions and bacterial growth media (section 2.4.2.) were obtained 
from Sigma-Aldrich (Castle Hill, NSW), except for Difco Nutrient broth which was obtained 
from BD (BD, North Ryde, NSW). The purity grade of the added sulfur sources described 
under 2.4.2. was 99%. High purity agar from AMRESCO was used for agar plates (ASTRAL 
Scientific Pty Ltd Australia). The standard electrophoresis gels were carried out using all-
purpose high-purity agarose from AMRESCO. DGGE (denaturing gradient gel 
electrophoresis) was carried out using formamide at a purity of 99% and high purity 10% 
(w/v) acrylamide/bisacrylamide, both manufactured by AMRECO. Enzymes for PCR-
reactions were either purchased from Bioline (Alexandria, NSW), in the case of the MyTaq 
DNA polymerase reaction mix, or from KAPA Biosystems (distributed by Geneworks Pty 
Ltd, Thebarton, S.A.). Primers were obtained from Applied Biosystems, primers labelled with 
a fluorescent label were obtained from Macrogen (Seoul, Korea) or Applied Biosystems 
(Thermo Fisher Scientific Australia Pty. Ltd., Scoresby, VIC). The primers modified with a 
GC-Clamp were obtained from Applied Biosystems. The restriction enzymes used to digest 
PCR products were obtained from New England Biolabs (New England BioLabs Inc., Whitby, 
Canada). 
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2.2. Soil properties used for field and pot trials and sampling procedure 
Field trials were conducted at the I. A. Watson Wheat Research Centre at Narrabri, NSW, 
Australia (30 19’0”S, 149 46’0”E). For the pot trials the two agricultural top soils described 
in table 2.1. were used. The two soils used in the experiments described in chapter 4-6, in 
particular the vertisol from Narrabri were chosen for the field experiments by Kazi Rashid 
and Dr Rosalind Deaker (University of Sydney, Faculty of Agriculture and Environment) to 
test the performance of Azospirillum on wheat yield and plant nitrogen status in a soil which 
is commonly used for wheat cultivation. Since the vertisol in Narrabri and also the loamy soil 
in Cobbitty are managed according to best practise, soils were not deficient in sulfur. 
Rhizosphere samples were taken from wheat plants by loosening the soil around the crown 
root with a spade, pulling out the wheat plant and shaking off the excess, loosely attached soil 
of the crown root. Rhizosphere samples from the wheat- field trials were taken at day 134 
after sowing (grain-filling), at the 21st of September 2011. The rhizosphere samples from 
sorghum were collected at the 15th of March 2012. Rhizosphere samples from wheat variety 
CROC_1/AE.SQUARROSA (205)//KAUZ/3/2*METSO from the rotation trial were 
collected at the 29.06.2012, 14 days after sowing. Wheat plants, roots and attached soil of the 
preliminary pot trial described in chapter 4 were sampled after 2, 4, 6 and 8 weeks after 
sowing. The wheat plants and roots of the Mesocosm Trial 1 and 2 were sown on the 15th of 
May in 2012 (1) and 2013 (2) and harvested after flowering (grain filling) between the 15th 
and 18th of August. Rhizosphere samples from the field trial were transported on ice and stored 
in a minus 80 freezer. Rhizosphere samples from the Mesocosm trials were immediately 
frozen in liquid nitrogen and transferred to a minus 80C freezer, until further processing. 
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Table 2.1: Properties of the soil used in the field and pot experiments in this study 
Measured soil parameter Narrabri soil Breakwell 2 soil 
pH (1:5 water) 7.5 5.8 
Texture Clay Clay 
Total nitrogen (mg/kg) 37 41.2 
Extractable phosphorus (Colwell)(mg/kg) 47 28 
Potassium (Amm-acet.) cmol(+)/kg 1.08 0.42 
Extractable magnesium (g/100g) 30 29 
Sulfate sulfur (MCP*) (mg/kg) 50 16 
Organic carbon (g/100g) 2.1 1.6 
 Cation Exchange Capacity cmol(+)/kg 33 7.67 
*MCP: Monocalcium phosphate 
 
 
2.2.1. Soil preparation and fertilization 
The agricultural top soils described in table 2.1 were mixed in the ratio 1:1 (v/v) with coarse 
sand (Narellan Sand, Soil and Garden supplies, Narellan, NSW) and homogenised with a 
concrete mixer. For the preliminary trial (chapter 4) the soil from Breakwell 2 was used, and 
for all further pot trials (chapter 5 & 6) soil from Narrabri was used. The wheat seeds were 
sown 2 cm deep, the chickpea seeds 3 cm deep and the canola-seeds were sown at a depth of 
2.5 cm.  
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After 1 week of plant growth the soils were amended with the liquid fertiliser AQUASOL 
according to the manufacturer’s instructions (0.064 g AQUASOL in 0.02 L deionised H2O 
were applied per 10 cm2 soil-surface). 
 Nutrient contents by the manufacturer Yates: 
Nitrogen (N) as Mono-Ammonium Phosphate 1.7%, Nitrogen (N) as Urea 21.3%, Total 
Nitrogen (N) 23.0%, Total Phosphorus (P) – water soluble as Mono-Ammonium Phosphate 
3.95%, Total Potassium (K) – as sulfate 14.0%, Sulfur (S) as sulfate 6.6%, Magnesium (Mg) 
as sulfate 0.15%, Manganese (Mn) as Sulfate 0.13%, Copper (Cu) as Sulfate 0.06%, Iron 
(Fe) as Sodium Ferric EDTA 0.06%, Zinc (Zn) as Sulfate 0.04%, Boron (B) as Sodium 
Borate 0.01%, Molybdenum (Mo) as Sodium Molybdate 0.001%, Maximum Biuret 0.4%)  
 
 
2.2.2. Mesocosm construction and root harvest 
For the construction of mesocosms PVC storm water drainage pipes (Vinidex Pty Ltd, 
Narellan, NSW) with a nominal diameter of 300 mm were cut into cylindrical segments of 70 
cm length which were cut in to half in order to open the pots (see Figure 2.1). 15 cm from the 
top and the bottom of the pots 2 x 6 cm rectangular flanges were attached on the inside and 
outside of the pot, to facilitate fitting the 2 halves together. The bottom of the cylinders was 
sealed using jute bags which were attached to the PVC pipes with duct tape. This design 
enabled a non-destructive and non-invasive recovery of the whole root system, including 
sampling of rhizosphere-soil from all root zones. For harvesting the whole root system the 
mesocosms were gently opened and loose soil was removed, starting from the bottom of the 
pot. The soil coming off through this procedure was thoroughly washed in a 5 mm sieve and 
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small root fragments were further washed and collected to prevent losses of root material. The 
soil core containing the whole root then was transferred onto a mesh and further rinsed with 
water. Roots which tore off were collected separately. 
This procedure was undertaken until the root was free of coarse sand and soil particles, and 
the roots were further processed as described in 2.3.1.3.. 
  
Figure 2.1: The mesocosm trial in 5 steps 
Two parts of the cut-into half pipe were joined together using duct tape (1). The pipe was put into a 
jute bag, so that the open bottom of the pipe was sealed through the bag, and the bag was attached to 
the pipe with duct tape, so that a mesocosm pot with a drainable bottom was created. A homogenised 
soil-sand mixture was filled into the mesocosm pots (2). After the wheat plants were grown for 
approximately 93 days, the jute bags were removed, and the pots were opened without disturbance of 
the whole root system grown in the soil-core (3, 4). After carefully brushing off the soil, the roots with 
the firmly attached soil were used for rhizosphere sampling. To obtain the whole root system for further 
scanning and data retrieval, the firmly attached soil was washed off putting the root and soils on a 
sieve (1x 1m, pore-size 1cm) (5). 
 
 
 
 
(1)
)fl
an
ge
s) 
(2) (3) (4) (5) 
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2.3. Measurement of plant growth 
2.3.1. Plant varieties 
 
Wheat varieties (field and pot trials): 
The wheat varieties used in this trial were obtained in 2 batches (Harvest 2010 and 2011) from 
the I. A. Watson Wheat Research Centre at Narrabri at NSW, Faculty of Agriculture and 
Environment, University of Sydney and supplied by Graeme Rapp. 
 
 
Table 2.2: Wheat (Triticum aestivum) cultivars used in this study 
 
 
Pedigree 
 
Agency 
 
Description 
 
   
EGA Gregory 
 
Department of Employment, 
Economic Development and 
Innovation DEEDI  
 
Released Australian cultivar 2004 
CBRD/KAUZ//KASO2 
 
International Centre for 
Maize and wheat 
Improvement 
 
Advanced line 
 
CROC_1/AE.SQUARROSA 
(205)//KAUZ/3/2*METSO 
International Centre for 
Maize and wheat 
Improvement 
 
Synthetic derivative 
SOKOLL 
 
International Centre for 
Maize and wheat 
Improvement 
 
Synthetic derivative 
 KRICHAUFF University of Adelaide Released Australian cultivar 1997 
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Table 2.2: Plant cultivars used in this study 
 
 
Plant 
 
Pedigree 
 
Origin 
 
   
Chickpea (Cicer arietinum)  
 
HatTrick PBA: Pulse Breeding 
Australia 
Canola (Brassica napus L.) 
 
HYOLA 555TT Pacific Seeds 
 
Indian Mustard (Brassica juncea L.) Selections from cultivars 
developed at PBI, 
Narrabri. Pers. comm. 
Graeme Rapp (2012) 
 
Plant Breeding Institute, 
University of Sydney 
Field pea (Pisum sativum L.) 
 
PRL131 Plant Breeding Institute, 
University of Sydney 
Sorghum (Sorghum bicolour L.) G33 Pioneer 
 
 
2.3.2. Measurement of plant dry weight 
Plants collected from all trials were stored in paper bags and dehydrated at 65C for 24 hours. 
The plant shoot was separated from the plant root exactly where the shoot came out of the soil 
consistently among all plants by cutting with a sharp kitchen knife. After dehydration the plant 
and root dry weight was measured.  
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2.3.3. Measurement of root length and root diameter 
Roots collected from wheat plants cultivated in the mesocosms were thoroughly washed with 
tap water and stored at 4C in 50% (v/v) ethanol. The large wheat roots for the mesocosm 
trials 1 and 2 were cut into up to 8 segments to facilitate root scanning, since the size of the 
scanner was limited to A4 format. For this reason further statistical analysis only used the data 
of total root length for the root width boundaries described below, and the root surface. The 
root images were acquired using Epson Perfection V700 Photo scanner (EPSON Flatbed 
Scanner EPSON Perfection V700/V750 1.8 V3.1 3.01). Root length and the average root 
diameter were analysed from the acquired images using WinRHIZO Reg 2007d software 
(Regent Instruments Inc., Canada). The root width boundaries were set to 0, 0.05, 0.07, 0.1, 
0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.8, 1, 1.2, and 1.5 mm. 
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2.4. Bacterial growth  
2.4.1. Bacterial strains 
Azospirillum brasilense Sp7 (Tarrand et al., 1978), Azospirillum brasilense Sp7-S (Baldani et 
al., 1983), Azospirillum brasilense Sp245 (Katupitiya et al., 1995) and Herbaspirillum 
seropedicae strain ATCC 35892 (Baldani et al., 1986, Baldani et al., 1992) were chosen as 
inoculants due to their ability to promote plant growth either through biological nitrogen 
fixation or to synthesis exogenous auxin. The strains were obtained from the strain collection 
of Dr Rosalind Deaker, Faculty of Agriculture and Environment. A long-term field evaluating 
the effect of those of the chosen inoculants on the growth of the five wheat genotypes 
described in section 2.2 was conducted by Kazi Rashid, University of Sydney, Faculty of 
Agriculture and Environment. Since the strains chosen for the experiment are able to promote 
plant growth through nitrogen fixation, their ability to utilise a range of organic sulfur sources 
was evaluated. The hypothesis for this experiment was that with an enhanced N supply and 
increased plant growth the subsequent enhanced plant S demand increases and will be covered 
through bacterial S solubilisation.  
The identity of the strains was confirmed through sequencing of the 16S rRNA fragment as 
described in 4.3. E. coli DH5α (Bioline) was used as competent cells for DNA transformation 
(as described in 4.3). 
For further cultivation and as reference the strains were stored at minus 80C in 50% (v/v) 
glycerol. 
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Rifampicin resistant mutants of A. brasilense and H. seropedicae strains were created by 
selecting from colonies of the original strains, which were growing on a 0-100 µg ml -1 
rifampicin gradient nutrient agar plates, and re-streaked on 100 µg ml -1nutrient agar plates.  
 
2.4.2. Bacterial growth media and growth conditions 
The following media were used for recovery of strains stored in glycerol, as general growth 
medium and as minimum medium with the addition of different sulfur sources. Nutrient Broth 
(Difco) with addition of 1.5% (w/v) agar was used as general medium for agar plates. All the 
strains described above were cultivated at 37C, since the optimum growth temperature of 33 
to 41C has been previously described (Tarrand et al., 1978). Nutrient Broth and MM Medium 
were used for the aerobic cultivation of the bacterial strains described above in liquid medium 
in Erlenmeyer flasks which were sealed with a sterilised cotton pad and rotated at 200 rpm at 
25C. 
Difco Nutrient broth (BD) 
Per litre- 3 g beef extract and 5 g peptone  
MM Medium (Kertesz et al., 1993) 
Per litre- 6.55 g Tris base, 1.07 g NH4Cl, 0.048 g MgCl2, 4.05 g C4H4Na2O4 (Na-succinate), 
1.33 g NaCl / KCl, 0.707 g KP, and the following trace elements: 13.43 µM Na2EDTA.2H2O, 
7.2 µM FeCl2.4H2O, 0.35 µM ZnCl2, 0.15 µM MnCl2.4H2O, 4,85 µM H3BO3, 0.84 µM 
CoCl2.6H2O, 0.0058 µM CuCl2.6H2O, 0.084 µM NiCl2.6H2O, 0.124 µM Na2MoO4.2H2O, 6.8 
µM CaCl2.2H2O (Thurnheer et al., 1986) 
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Added Sulfur Sources 
All sulfur sources were added to sulfur free MM-Medium to the molarity of elemental sulfur 
of 200 µM. The tested sulfur-sources comprised: 
 Sodium Sulfate (Na2SO4) 
 Pentane Sulfonate (CH3(CH2)4SO3Na) 
 Nitrocatechol Sulfate (C6H3K2NO7S•2H2O) 
 Sodium Cyclamate (C6H11NHSO3 Na) 
 Methionine ( HO2CCH(NH2)CH2CH2SCH3) 
 Methionine Sulfoxide (CH3S(O)CH2CH2CH(NH2)CO2H) 
 Toluenesulfonic Acid Monohydrate (CH3C6H4SO3H•H2O) 
All chemicals had a purity grade of 99% and were obtained from Sigma Aldrich (Castle Hill, 
NSW, Australia), except toluenesulfonic acid monohydrate which was obtained from 
ACROS Organics (distributed by Thermo Fisher, North Ryde, NSW) 
LB (Luria Bertani) Medium 
Per litre- 10 g tryptone, 5 g yeast extract, 10 g NaCl (Sambrook et al., 1989) 
Where required 1.5% (w/v) Bacto-agar (Sigma Aldrich) was added to solidify the medium. 
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2.4.3. Bacterial growth curves 
For the generation of bacterial growth curves, bacteria were pre-cultivated in Nutrient Broth 
overnight at 25 C and 200 rpm. After pre-cultivation bacteria were then transferred to S-free 
MM medium containing 100 µM of added Na2SO4 in order to induce sulfate starvation 
through sulfate limitation, and were grown overnight under the same conditions. 2 µl of the 
bacterial sulfate-limited suspension were added to 200 µl of MM medium in each well of 96-
well polystyrene microtitre plates (Greiner Bio-One). Different sulfur-sources were added to 
a concentration of 200 µM to each well. MM Medium with no added sulfur was used as 
negative control. Each strain and each sulfur source was tested in 3-fold replicate (see 4.7.).  
To evaluate the growth of rifampicin resistant mutant strains of A. brasilense Sp7 rif, Sp7-S 
rif and Sp245 rif as well as H. seropedicae rif in comparison to the original strains, the strains 
were pre-grown to the same optical density (OD650: 1.3) on NB medium and 2 µl bacterial 
suspension were added to 200 µl NB-Medium contained in each well of in each well of a 96-
well CELLSTAR flat-bottomed, clear polystyrene microtitre plate (Greiner Bio-One). The 
experiment was carried out in 4-fold replicate (see 4.3.). 
Bacterial growth was measured on a SynergyTM H1 microplate reader (BioTek). The bacterial 
growth on the microtitre plate occurred at 25 C with orbital shaking and the OD650 of each 
well was measured every 10 minutes using Gen5TM 2.0 Data Analysis Software. The Max V 
generated by the software was used to calculate the generation times from a minimum of 12 
data points comprising the exponential phase of growth.  
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2.4.4. Whole cell arylsulfatase activity measurement 
The arylsulfatase activity of whole cells of A. brasilense Sp7, A. brasilense Sp7-S, A. 
brasilense Sp245 and H. seropedicae ATCC35892 was confirmed by diluting portions of the 
bacterial growth suspension growing on 200 µM nitrocatechol sulfate from the finalised 
measurement of bacterial growth curves tenfold into 0.66 M NaOH. The change of colour 
from yellow to orange due to arylsulfatase activity and nitrocatechol release was measured by 
eye and quantified if necessary as absorbance at 515 nm (A515).  
 
 
2.5. Plant inoculation with bacteria, recovery and enumeration  
2.5.1. Inoculation suspension 
A. brasilense Sp7, A. brasilense Sp7-S, A. brasilense Sp245 and H. seropedicae were grown 
in nutrient broth overnight at 25 C and 200 rpm to an OD650 (optical density at 650 nm) of 
1.3 which corresponded to 5 x 108 cfu per ml bacterial suspension. The liquid broth containing 
bacterial cells was then centrifuged for 10 min at 3000 g, and the pellet was re-suspended in 
the same volume of 10 mM MgCl2. Wheat seedlings sown into pots and mesocosms and 
surrounding soil were inoculated with 1mL 10 mM MgCl2 solution containing 5 x 10
8 cfu of 
the respective strain.  
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2.5.2. Recovery and enumeration of rhizosphere bacteria 
3 g of roots with adherent soil were placed into 50 ml Falcon tubes and weighed. Five glass 
beads (2 mm diameter) and 20 ml extraction medium, (0.1% w/v sodium pyrophosphate, 1% 
w/v peptone) were added to each tube and the tubes were then rotated on a rotor shaker at 4C 
for 5 min (Schmalenberger et al., 2010). The supernatant was then used to make a dilution 
series to 10-8 and aliquots of the dilution series were spotted out on agar-plates to determine 
the cfu (Miles et al., 1938). 
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2.6. PCR-based methods for determining bacterial diversity of the 16S rRNA 
gene and the diversity of the ssuD and atsA genes 
2.6.1. DNA extraction from rhizosphere soils  
Rhizosphere soils used for DNA extraction included soil loosely attached to the root, soil 
adherent to the root and fine root segments. Each rhizosphere sample consisted of 8 
subsamples from the same root. The DNA from the rhizosphere soils from all trials except 
Ryan Jones` Biogeography trial (chapter 7), the Inoculation Mesocosm trial (chapter 4) and 
the Rotation Pot trial (chapter 6) were extracted using the FastPrep Soil-DNA extraction 
protocol (Yeates & Gillings, 1998), adapted by Neil Wilson, University of Sydney, Faculty of 
Agriculture and Environment. For rhizosphere DNA extraction 250-300 mg of rhizosphere 
soil was weighed into a sterile 2 ml screw-cap microcentrifuge bead-beating tube containing 
two sterile 3 mm glass beads and 0.2 ml of 100 µm sterile glass beads. 750 µl of 100 mM 
sodium phosphate buffer (pH 7) and 150 µl MT buffer (1% w/v SDS, 1% w/v PVP 40, 100 
mM EDTA pH 8.0 and Tris-HCl pH 8.0) were added to the bead-beating tube and processed 
on a bead-beater (MP Biomedicals) for 2 minutes at 2000 rpm. The samples were allowed to 
stand for 5 minutes and then centrifuged at maximum speed for 1 minute. The supernatant 
(700 µl) was then transferred into a 1.5 ml tube containing 125 µl 7.5 M potassium acetate 
and centrifuged for 5 minutes at maximum speed in order to precipitate proteins. Taking care 
to avoid removing the pellet, the supernatant (700 µl) was then transferred into a fresh tube 
and an equal volume of a 1:3 solution of binding matrix (MP Biomedicals, Seven Hills, NSW) 
and 6 M guanidine isothiocyanate were added. After centrifugation to separate the binding 
matrix and removal of the supernatant, 800 µl of salt ethanol wash solution (70% v/v ethanol 
and 100 mM sodium acetate) were added to the pellet and the tubes were spun down again to 
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separate the binding matrix. The binding matrix was then washed twice by re-suspending the 
matrix at each step with 70% v/v ethanol, centrifugation, and decanting the supernatant. The 
pellet was then left for 15 minutes at room temperature for air-drying. After air-drying the 
binding matrix was re-suspended in 100 µl Tris-EDTA-buffer (pH 8) by pipetting. After 2 
minutes the tubes were centrifuged briefly, and the DNA-containing supernatant was 
transferred into a new tube. 
Soil-rhizosphere DNA from the trials excluded in the section above was extracted using the 
MOBIO PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) 
according to the manufacturer’s protocol.  
Presence and quantity of all extracted DNA was confirmed electrophoresis of a sample of the 
extracted DNA on a 1% (w/v) agarose gel, and the rhizosphere DNA was stored at -20 °C. 
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2.6.2. PCR amplification 
2.6.2.1. PCR primers  
Table 2.3: PCR-Primer used in this study 
 
PCR-primer Target 
region 
Sequence (5′ → 3′) Reference 
1064R  365-1064 AYC TCA CGR CAC GAG CTG AC (Winsley et al., 2012) 
1492r 27-1492 TAC GGT TAC CTT GTT ACG ACT T (Heuer et al., 1997) 
27f 27-1492 AGA GTT TGA TCC TGG CTC AG (Heuer et al., 1997) 
341f 341-518 CCT ACG GGA GGC AGC AG (Muyzer et al., 1993) 
341f_GC 341-518 CCT ACG GGA GGC AGC AG* (Muyzer et al., 1993) 
356F 365-1064 ACW CCT ACG GGW GGC WGC (Winsley et al., 2012) 
518r 341-518 ATT ACC GCG GCT GCT GG (Muyzer et al., 1993) 
atsA CF-I 392-417 TIG CIG AYG AYI TSG GIT WYT CTG A A. Houlden, unpublished 
atsA_CR_V9 1276-1299 TCS GSI CCR TTG TCS GAC ATG AA A. Houlden, unpublished 
ssuD_209F  209-1001**  DNC GNC TGA AGT TCC TGG TC This study  
ssuD_1001R 209-1001** TGB GGA TAG CCN GAN AGG AT This study 
ssuD_26F  26-601** TRC CKA CCC ACG GTG ACG GG This study 
ssuD_601R 26-601** GYG GYT CGC CCC AGG TGA G This study 
M 13 forward  TGT AAA ACG ACG GCC AGT (Vieira & Messing, 1982) 
M 13 reverse  CAG GAA ACA GCT ATG ACC (Vieira & Messing, 1982) 
 
*A 40 bp GC-rich sequence (GC-clamp: CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG 
GGG G) was attached to the 5′ end of the primer when used for DGGE PCR. 
** Reference sequence: P. putida 
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2.6.2.2. PCR reactions 
The PCR for primer pairs described in table 2.3 was carried out in a reaction mixture of 25 µl 
consisting of 19 µl H2O, 5 µl MyTaq Reaction Buffer Red (10×, Bioline), 20 pmol of each 
primer, 1 unit MyTaq-polymerase (Bioline) and 0.5 µl of 10-fold diluted rhizosphere DNA 
(~10 ng) as the template. When necessary, BSA was added at a concentration of 0.5 µg per 
µl. The PCR amplification was carried out in a S1000 Thermal Cycler (Bio-Rad). PCR cycle 
conditions are given in table 2.4. 
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2.6.2.3. PCR conditions  
 
Table 2.4: Conditions for PCR-amplification  
 
Program No. 
 
PCR cycle (C and time) 
1 27f & 1492r 
95  
(5 min) 
 
95  
(30 sec) 
56 
 (30 sec) 
68  
(90 sec)  
68  
(5 min) 
    
30 cycles 
              
2 GC-341f & 518r 
 95  
(5 min) 
 
95  
(30 sec) 
60-50  
(30 sec) 
68 
 (30 sec) 
 
95  
(30 sec) 
50 
 (30 sec) 
68  
(30 sec) 
 
68  
(5 min) 
  10 cycles  20 cycles   
              
3 365F & 1064R 
 95 
 (5 min) 
 
95  
(30 sec) 
55 
(30 sec) 
68  
(45 sec) 
 
68  
(5 min) 
   
 
  36 cycles    
              
4 atsA CF_I & atsA CR_V9 
 95 
 (5 min) 
 
95  
(1 min) 
(45 sec) 
72  
(1 min) 
 
72  
(5 min) 
    
  35 cycles       
              
5 
ssuD_26F& 
ssuD_601R 
 95  
(5 min) 
 
95  
(30 sec) 
68  
(30 sec) 
72  
(1 min) 
 
72  
(5 min) 
    
  35 cycles       
              
6 
ssuD_209F)& 
ssuD_1001R 
 95  
(3 min) 
 
95  
(30 sec) 
61.5  
(45 sec) 
72  
(1 min) 
 
72  
(5 min) 
    
  35 cycles       
              
7 M 13 f & M 13 r 
 94  
(3 min) 
 
94  
(30 sec) 
60  
(30 sec)e 
68 
(2 min) 
 
68  
(5 min) 
    
  34 cycles       
 
Reference strains: (1) (Weisburg, et al., 1991), (2) (Muyzer et al, 1993), (3) (Winsley et al. 2012), (4) Pseudomonas aeruginosa strain F9676 (A. 
Houlden, unpublished), (5&6) Pseudomonas putida S-313, (7) (Viera and Messing, 1982) 
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2.6.3. DNA ligation and transformation 
PCR products were cloned when necessary into pGem-T Easy or pGem-T vectors (Promega). 
This was done by adding 2 µl PCR product to 50 ng of pGem-T Easy at a molar ratio of 3:1 
(v/v) in 1 x ligation buffer (60 mM Tris-HCl (pH 7.8), 20 mM MgCl2, 20 mM DTT, 2 mM 
ATP, 10% v/v polyethylene glycol ASC grade) with 1 µl T4 DNA ligase (Promega, Hawthorn 
East, Vic) in a 10 µl reaction and incubating at room temperature for 1 hour. A negative control 
ligation was carried out with no insert DNA. E. coli DH5α (Bioline) were thawed on ice for 
20 minutes and ligation products were introduced into the cells by adding 2 µl of the ligation 
mix to 25 µl of E. coli DH5α and vortexing the mix briefly. The mixture was heat-shocked at 
42C for 50 seconds and incubated on ice for 5 minutes. 500 µl of LB-Medium were added to 
the mixture, and it was incubated at 37C for 1 hour on shaker with 200 rpm. 2, 20 and 200 
µl of the call suspension were plated out on LB-agar-plates containing 1 μl of X-Gal Solution 
(20 mg/ml in DMSO) and 1 μl of 100 mM IPTG Solution (Thermo scientific) per ml medium. 
After incubation at 37C overnight, the white colonies were selected and PCR was performed 
with 1 µl cell suspension (diluted in the ratio 1:10 with H2O) and the PCR conditions and 
primers as described in 4.2). 
Before sample submission the samples were purified using the Isolate II PCR and Gel Kit 
(Bioline). PCR products were sequenced at the Australian Genome Research Facility (AGRF, 
Sydney).  
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2.6.4. Conditions for denaturing gradient gel electrophoresis 
DGGE was performed using a DCode 16 cm × 16 cm gel system (Bio-Rad). The DGGE gels 
were prepared in 1× TAE [20 mM Tris pH 7.5, 10 mM acetic acid, 0.5 mM Na2EDTA] with 
10% (w/v) acrylamide/bisacrylamide. The 0% denaturant and the 100% denaturant stock gel 
solutions [40% (v/v) formamide, 7 M urea] were mixed in appropriate volumes to give 16 ml 
of the required minimum denaturant percentage solution (30%) and 16 ml of the required 
maximum denaturant percentage solution (70%). The gels were poured with a gradient mixer 
to yield linear gradient gels with a denaturant gradient of 70% - 30%. The gel was loaded with 
15 µl PCR-product (200 ng DNA/sample) and the electrophoresis was conducted at 60 °C for 
a total of 1,008 V hours (constant voltage of 64 V for 16 h). After the completion of the 
electrophoresis the gels were stained with 2 µl SYBR Gold stain (Invitrogen) in 20 ml 1xTAE 
for 30 min in the dark, and then washed with dH2O. Gel image analysis was carried out with 
the Quantity One V4.6.9 software (Biorad) (Kawasaki et al., 2012). The results of the manual 
analysis and results obtained from an automated peak reading function “peak.pick” from 
“ChemometricsWithR” were compared and gave the same results (Wehrens, 2011).  
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2.6.5. Terminal restriction fragment length polymorphism (T-RFLP) Analysis  
2.6.5.1. Primer set for16S rRNA gene T-RFLP PCR  
T-RFLP analysis of rhizosphere bacterial communities targeting the 16S rRNA gene was 
performed using the 356f-FAM/1056r-NED primer set (table 2.3.) which were labelled with 
5-carboxyfluorescein (FAM) at the 5` end of the forward primer and 3-2,7, 8-benzo-5-fluoro-
2,4,7-trichloro-5-carboxyfluorescein (NED) at the 5`end of the reverse primer (Winsley et al., 
2012). The PCR reaction mix used is described under 4.2.2. 
PCR-Program number 3 (table 2.4.) was used for amplification. 
 
2.6.5.2. Primer set for ssuD gene T-RFLP PCR  
The diversity of the ssuD gene in rhizosphere bacterial communities was assessed using the 
primer set ssuD_209R & ssuD_1001R (program number 6, table 4.2.) with a 5-
carboxyfluorescein (FAM) fluorescent label at the 3` end and a 3-2,7, 8-benzo-5-fluoro-2,4,7-
trichloro-5-carboxyfluorescein (NED) fluorescent label at the 5`end. 
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2.6.5.3. Primer set for atsA T-RFLP PCR  
Amplification of the atsA gene was carried out with the primer set atsA_CF-I and 
atsA_CR_V9 (program number 4, table 4.2.). For T-RFLP analysis of the atsA gene, primer 
atsA-CF-I was modified with a with 5-carboxyfluorescein (FAM) fluorescent label. All PCR-
amplifications were carried out in a Bio-Rad T100 Thermal Cycler (Biorad, Hercules, 
California, U.S.A.).  
The PCR-amplified DNA was precipitated with ethanol in 50 µl reactions as follows: 100 µl 
100% ice-cold ethanol and 5 µl 3 M sodium acetate (pH 5.2) were added to 50 µl PCR-product 
and chilled in 1.5 ml tubes on ice for 30 minutes. After the precipitation the samples were 
centrifuged for 20 min at maximum speed on an Eppendorf centrifuge 5424 with 15,000 g. 
The precipitated pellet was washed once with ice-cold 70% (v/v) ethanol and centrifuged at 
maximum speed for 15 minutes. The DNA pellet was dried in a vacuum desiccator for 20 
minutes and re-dissolved in MilliQ H2O (300 ng DNA/ µl final concentration). 
The purified PCR product containing the 16S rRNA and the ssuD gene were digested in a 
reaction mix containing 2.5 µl 10x NEB buffer 4 (500 mM K-acetate, 200 mM Tris-acetate, 
100 mM Mg-acetate, 10 mM DDT, pH 7.9 at 25C), 1.75 µl H2), 0.25 µl BSA and 0.5 µl 
HhaI restriction endonuclease (New England BioLabs) for 4 hours at 37C and heat 
deactivated at 65C for 15 minutes. The purified PCR product of the atsA-gene was digested 
with TaqI restriction endonuclease and the same reaction mix as described for HhaI (New 
England BioLabs) at 65°C for 3 hours and heat deactivated at 80C for 15 minutes. 
Capillary electrophoresis of the samples for the 16S rRNA T-RFLP analysis was performed 
by Macrogen using a 23 ABI 3730XLs sequencer (Applied Biosystems). The capillary 
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electrophoresis for the T-RFLP analysis of the ssuD and atsA gene diversity was carried out 
by the Australian Genome Research Facility (AGRF, Sydney). For all samples the GS500LIZ 
size standard (Applied Biosystems) was used to generate a list of peak sizes detected in each 
sample. Peaks were identified and the transposed binary matrix created through the program 
T-REX (http://trex.biohpc.org/) (Culman et al., 2009) was analysed as described below in 
Statistical Analyses (section 6). 
 
 
2.7. Primer design 
In order to create alignments covering the diversity of the microbial atsA and ssuD genes, 
coding sequences were retrieved from the website http://www.ebi.ac.uk/ena/data/ 
warehouse /search (September 2013).  
Since the atsA and ssuD gene coding sequences obtained contained various multiple 
sequences of the same organisms but at different lengths, and gene-coding sequences of high 
similarity, sequence representatives were chosen at a threshold of 97%. To do this, the 
obtained sequences were processed using the CD-hit package under http://weizhong-
lab.ucsd.edu/cdhit_suite/cgi-bin/?cmd=Server%20home (September 2013) (Huang et al., 
2010) with a nucleotide sequence-identity cut-off of 97%. Sequences, which were different 
from each other at the threshold of 97%, were then aligned using MUSCLE (Edgar, 2004) 
with 20 iterations, using the Geneious package software version 5.3.6. To identify clusters 
among similar sequences, Neighbor-Joining trees were created using the Geneious tree 
builder, and primers for clustering groups were designed, either using the Primer3 software 
(Rozen & Skaletsky, 2000) or manually. The coverage of the whole gene diversity by the 
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designed degenerate primers was then assessed in Geneious, and using the software 
“primersearch” (Curwen, 2000). Phylogenetic trees were built using the ITOL tree-building 
tool software version v2.2.2. (Letunic & Bork, 2011).  
 
 
2.8. Statistical analysis 
Comparison of means, two-sample t-test, one-way analysis of variance (ANOVA) and 
Tukey’s test were conducted using R Studio (R Development Core Team, 2010).  
For statistical analysis of 16S rRNA and ssuD diversity assessed through the fingerprinting 
methods DGGE and T-RFLP the binary matrices were obtained by the imaging software of 
the Molecular Imager GelDoc (BIORAD) for the DGGE gels and by T-REX 
(http://trex.biohpc.org/ ; accessed June 2014) for the T-RFLP profiles.  
As an explanatory unconstrained preliminary analysis, NMDS (non-metric multidimensional 
scaling) was performed with ANOSIM (Analysis of Similarity) using 999 permutations as 
statistical test (Anderson & Walsh, 2013). Significant results from the NMDS-analysis were 
then tested in a constrained analysis.  
As a hypothesis-driven, constrained analysis, a multivariate analysis was carried out to 
establish the relationship between treatment effects and the dependent variables presented by 
the DGGE bands or T-RFLP peaks. To determine whether a linear or unimodal species model 
should be used for the multivariate analysis (Ramette & Tiedje, 2007), a detrended 
correspondence analysis (Hill & Gauch, 1980) was carried out using the vegan package of R. 
Redundancy discrimination analysis (RDA) or distance based (db) RDA as well as constrained 
analysis of principal components (CAP) were performed (Legendre & Legendre, 1998, 
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Legendre & Anderson, 1999, Cookson et al., 2006) using the vegan package of R-Studio 
(Oksanen, 2007). 
 
Canonical analysis of principal coordinates or distance-based redundancy analysis (db-RDA) 
is a constrained ordination method which offers considerable advantage over traditional 
multivariate techniques. It is particularly useful when analysing data sets with variables 
containing many zeros, skewed distributions and with low number of observations per group 
(Anderson and Robinson 2003). In the first step, a principal coordinates analysis is performed 
on a dissimilarity matrix constructed using a chosen dissimilarity measure reduce the number 
of dimensions in the data. The second step involves a redundancy analysis (Legendre and 
Anderson 1999) or a linear discriminant function analysis (Anderson and Robinson 2003) 
with constraining factors for construction of the ordination. Input data for this process are 
scores of the principal coordinates. The significance of the factor-effect and of the differences 
between factor levels can be tested using permutation tests, producing results that are 
analogous to ANOVA (Analysis of Variance) (Anderson and Willis 2003). Db-RDA 
combines the convenience of the graphical representation of the data, which facilitates 
interpretation with the statistical tests of significance of specific hypotheses (Borcard et al. 
2011), and as such was deemed most useful for the interpretation of the complex data collected 
during this study.  
An ANOVA like permutation test was carried out to test the significance of the RDA, (db) 
RDA or CAP model using 999 permutations (Dixon, 2003, Anderson & Walsh, 2013).  
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To determine whether the two factors in chapter 5 (“wheat variety” and “inoculation”) interact 
PERMNOVA (Permutational multivariate analysis of variance) for a multi-factor design was 
carried out (Anderson & Walsh, 2013).  
In chapter 6 and 7 a partitioning of variation was carried out in order to estimate how much 
of the variability in the data sets was due to explanatory nominal variables, including location 
and treatment, and how much continuous variables, such as soil chemical properties, 
accounted for the variability. For these latter analyses, the continuous explanatory variables 
were standardised to a mean of 0 and variance of 1. For consistency with the distance-based 
redundancy analysis (db-RDA) models, the response subset was converted to principal 
coordinates using Principal Coordinates Analysis (PCoA) (Peres-Neto et al., 2006).  
In chapter 7 forward selection of variables was used in order to find a parsimonious CAP 
model (Blanchet et al., 2008).  
Distance matrices for db RDA were chosen with help of the function “rankindex” in the vegan 
package (comparison for dissimilarity indices for gradient detection).  
As a preliminary assessment of diversity of the OTU`s or representative DGGE and T-RFLP 
band the Shannon diversity index was used to gain information about abundance of species 
and evenness in their distribution among different treatments, and is only presented in the 
following chapter if significant differences among the treatments were observed (Hill et al., 
2003). 
In order to exclude a plot effect of the results presented in chapter 5 and 6, an NMDS with 
ANOSIM as statistical test were carried out, testing whether proximity of the plots has an 
effect on 16S rRNA diversity. However, no significant plot effect could be found for 16S 
rRNA diversity (p=0.254). 
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Chapter 3 
Degenerate primer design for the ssuD gene (alkanesulfonate 
monooxygenase) and development of T-RFLP protocol for analysis 
of ssuD gene diversity 
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3.1. General requirements on degenerate primer design 
The primers used for Polymerase Chain Reaction, or PCR, are a pair of matching nucleotide 
sequences which are designed to match exactly two known nucleotide sequences. Of the two 
nucleotide sequences, one is located in the forward strand, and one located in the reverse 
strand. PCR primers are initiating the synthesis of a DNA target sequence (Saiki et al., 1988). 
Degenerate primers are helpful when targeting a sequence, which is variable among a diverse 
range of bacteria, as for instance genes encoding proteins, such as SsuD and AtsA (D`Esposito 
et al., 1994). The nucleotide regions encoding the active, substrate binding sites of an enzyme 
are often highly conserved which facilitates the finding of binding sites for degenerate primers 
from multiple alignments of related sequences (Rojas et al., 1993, Linhart & Shamir, 2002, 
Marchler-Bauer et al., 2011). The aim of finding degenerate primers binding to conserved 
regions flanking highly variable regions is to cover a high genetic diversity among the diverse 
target sequences while being specific enough to amplify only the target sequence 
(Chakravorty et al., 2007) (figure 3.1).  
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Figure 3.1: Variable and conserved regions of the 16S rRNA gene 
Conserved regions (orange) are sequence regions with a high percentage of sequence identity (y-axis) 
while variable regions (grey) have a low sequence identity which facilitates the identification of 
specific organisms through sequencing. Across the nucleotide sequence of interest (x-axis) universal 
primers are designed to match the conserved regions (orange) while amplifying variable regions (grey). 
Adapted from (http://www.gatc-biotech.com/) 
 
Various degenerate primers covering a high diversity of bacterial functional genes involved 
in soil-nutrient cycling have been designed, such as for alkaline phosphatase (ALP) (Sakurai 
et al., 2008), oxidoreductase asfA (asfAB) (Schmalenberger & Kertesz, 2007) or nitrogenase 
(nifH) (Gaby & Buckley, 2014).  
The amplified target sequences of various organisms can then either be used to identify the 
individual amplicon sequences directly, after cloning or for molecular fingerprinting methods 
such as DGGE (Muyzer et al., 1993) or T-RFLP (Thies, 2007). Furthermore recent new 
generation sequencing methods comprising 454, Illumina sequencing (Shokralla et al., 2012), 
or Ion Torrent sequencing (Quail et al., 2012) are available to give information about the 
identity of the sequences. Depending on the downstream application, different PCR product 
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lengths are required. For instance PCR-product sizes for T-RFLP need to be long enough to 
form a range of different detectable restriction fragments, since restriction enzymes cut at 
different sites of the species-specific amplified PCR product. PCR-products used for DGGE 
need to be short enough to denature while migrating from the low to the high parts of the 
denaturing gradient. Next gen sequencing approaches differ considerably in read length, 
ranging from up to 1000 bp (454sequencing) to only 300 bp for Illumina sequencing (Loman 
et al., 2012, Rincon-Florez et al., 2013).  
 
 
3.2. Sequence retrieval and alignment for degenerate primers targeting the ssuD 
gene 
In order to create degenerate primer pairs, which target a majority of the known bacterial ssuD 
sequences occurring in soils, all known coding sequences for the genes were retrieved from 
the website of the European Nucleotide Archive from the EMBL-EBI website 
(http://www.ebi.ac.uk/ena/data/warehouse/search) (accessed the 13.09.2013) by gene name 
and EC number . In order to align the obtained sequences and to filter out duplicate sequences, 
the sequences were processed via the sequence clustering tool CD-Hit (Huang et al., 2010) 
(http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit) 
(accessed in September 2013). Since higher percentages of cut-off sequence identity gave a 
too high number of double-occurring sequences in the final cluster-representatives, the cut-
off was set at 97%. Some identical sequences of different length but from the same organism 
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were contained various times in the retrieved list of coding sequences, and were not filtered 
out by the CD-Hit clustering algorithm, since this is an alignment-free, greedy incremental 
clustering method, which sorts the nucleotide sequences according to their length, and uses 
the longest sequence as a representative for the first cluster (Li & Godzik, 2006). Therefore 
the sequences, which occurred various times, were removed manually. Gene sequences of 
organisms that only occur in non-soil habitats were removed manually. The nucleotide 
sequences were then aligned using the MUSCLE algorithm (Edgar, 2004) with 23 iterations 
using the software Geneious version 5.3.6 created by Biomatters available from 
http://www.geneious.com/ or the MEGA Software (Tamura et al., 2013) . For primer design 
a Neighbor Joining Tree (Saitou & Nei, 1987, Tamura et al., 2004) using the Jukes and Cantor 
distance matrix (Jukes & Cantor, 1969) was built in Geneious and representative sequences 
from clades of neighbouring branches were re-aligned using the same procedure as described 
above. For the design of the degenerate primer pairs for the ssuD gene the primer design tool 
(based on the Primer3 algorithm) was used (Koressaar & Remm, 2007, Untergasser et al., 
2012). Since the active, substrate binding sites of a protein can be found to be in highly 
conserved regions in the protein or translated nucleotide region (Boltes et al., 2001), it was 
attempted to design primers to amplify a nucleotide sequence covering the conserved regions 
of the ssuD and atsA gene as well as diverse regions (see figure 3.1). The coverage of the 
conserved regions also allows to distinguish between genes and pseudogenes and to remove 
pseudogenes. Several conserved amino acid residues in the SsuD of E.coli (Arg226, Arg297, 
His228 and Cys54) have been identified as having potential catalytic importance due to the 
similar spatial arrangements with close structural and functional relatives of SsuD (Carpenter 
et al., 2011). 
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The P. aeruginosa AtsA contains a conserved sequence motif (C/S-X-P-S-R-X4-TG) in the 
active site, which is required for enzyme activity, and is very similar to the active site of the 
human arylsulfatase A and B (Dierks et al., 1999, Kertesz, 2004). 
To evaluate the diversity coverage of the primers in silico, first a web-based tool primer search 
(http://bioinfo.nhri.org.tw/gui/) was used, testing the designed primers on the sequence from 
which the initial alignment was created. To determine the exact theoretical binding position 
of the primers on the target sequence the primer-test tool of the software Geneious was used 
testing the degenerate primers on all sequences used for the alignment. To obtain an 
approximate idea about the primer specificity the E-values obtained by BLAST (Basic Local 
Alignment Search Tool) (Altschul et al., 1990) of the primer sequence against the NCBI 
nucleotide database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were taken into consideration. 
The E-value, or Expect-value describes the number of hits to be expected by searching a 
database of a particular size. The lower the E-value is, the less likely it is to retrieve a similar 
score simply by chance (http://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html). As 
such the E-value describes the “background noise” and thus the aim is to retrieve as low as 
possible E-values. 
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3.3. Design of degenerate primers for the ssuD gene encoding alkanesulfonate 
monooxygenase 
Alkanesulfonate monooxygenase (EC 1.14.14.5) is the enzyme for bacterial degradation of a 
broad spectrum of sulfonates (Ellis, 2011), mainly alkanesulfonates and aliphatic sulfonates. 
The ssuD gene encodes an alkanesulfonate monooxygenase, which is also responsible for the 
desulfonation of aromatic sulfonates through the oxygenolytic cleavage of the carbon-sulfur 
bond, yielding sulfite and the corresponding phenol. ssuD has been well characterized for 
various bacterial species such as Pseudomonas putida (Kahnert et al., 2000, Kertesz & 
Wietek, 2001) and Escherichia coli (Eichhorn et al., 2002). The enzyme SsuD catalyses the 
conversion of alkanesulfonates into sulfite and the corresponding aldehyde. Alkanesulfonate 
monooxygenase requires reduced flavin mononucleotide (FMNH2) provided by the NADPH-
dependent FMN oxidoreductase (SsuE) (Eichhorn & Leisinger, 2001). 
Many bacterial species abundant in soil carry the ssuD gene, since the ability to solubilise 
organic sulfur is crucial for their survival in environments where sulfate or cysteine are not 
available (Mirleau et al., 2005) and organic sulfur compounds contribute up to 95% of the 
total sulfur pool (Autry & Fitzgerald, 1990). Alkanesulfonate monooxygenase belongs to the 
family of flavin utilising monooxygenases and represents a sub-family (cd01094) in the 
conserved domain database of the NCBI (Marchler-Bauer et al., 2013).  
Related sulfonatases comprise MsuD (Methanesulfonate sulfonatase), which catalyses the 
desulfonation of alkanesulfonates, showing highest activity for methanesulfonates. Like the 
SsuD protein, MsuD also requires FMNH2 and oxygen (Kertesz et al., 1999). 
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3.3.1. Assessing the diversity of the ssuD gene in soils 
The aim of the ssuD degenerate primer design was to achieve high coverage of the ssuD 
sequence occurring in soil in order to discover possible changes in microbial ssuD diversity 
depending on different environments in the rhizosphere soil. Since no suitable primer pair 
could be designed for all representative sequences of each clade represented in the 
phylogenetic tree, primers were designed which are covering as many sequence-clusters as 
possible. For the total of originally 1200 coding sequences from the European Nucleotide 
Archive (http://www.ebi.ac.uk/ena/data/warehouse/search) cluster representative sequences 
were chosen at 97% threshold through CD-HIT, resulting in 334 representatives of the 
clusters. The 334 representative sequences were further reduced (removing organisms, which 
don’t occur in soil-ecosystems, but exclusively in other environments as for instance marine 
ecosystems) to a total number of 89 sequences which were aligned using the MUSCLE 
algorithm 
.
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Figure 3.2: Neighbor Joining Tree of ssuD gene sequences from NCBI reference sequences used for degenerate primer design 
 89 representative sequences were chosen out of 1200 sequences for the creation of this phylogenetic tree. Phylogenetic classes are presented 
in different coloured branches, and the clades used for the design of primers are presented by the letters A-F. The Neighbor Joining Tree was 
exported in NEWICK format from Mega 6 (Tamura et al., 2013) and coloured in and reformatted through the iTOL website (Letunic & Bork, 
2011). The tree was bootstrapped with 500 bootstrap replications. Dark pink: Cyanobacteria, pink: Bacilli, orange: Alphaproteobacteria, 
green: Betaproteobacteria, light blue: Gammaproteobacteria, dark blue: Deltaproteobacteria, yellow: Actinobacteria
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The Neighbor joining tree (fig. 3.1) of the aligned ssuD gene sequences shows that genetic 
relationships of the ssuD gene overlap with taxonomic classification of the ssuD gene 
containing organisms, although some sequences of the same phylum are distributed randomly. 
The random distribution of sequences of the same phylum might be due to horizontal gene 
transfer (HGT) which can effectively change the ecological character of a bacterial species 
(Ochman et al., 2000). 
 
3.3.2. Coverage of the active sites 
The location of the conserved regions can differ among several sequences. Active sites in 
proteins are often encoded by highly conserved nucleotide sequences of the gene (Lamond, 
2002). Thus suitable primers were designed to include highly conserved regions of the ssuD 
gene sequence, using an approach which has been widely used for the design of degenerate 
primers (Zehr & McReynolds, 1989, Rose et al., 2003). The protein alignment for SsuD, the 
alkanesulfonate-monooxygenase subfamily gene-cluster cd01094 was obtained from the 
NCBI website for conserved domains (Marchler-Bauer et al., 2013) with the conserved 
residues highlighted at amino acid positions 5, 10, 72, 136, 159, 212/213, 229, 272, 274 of the 
protein alignment. Therefore the PCR strategy aimed to amplify a gene sequence including 
the locations 15, 30, 216, 408, 477, 636/ 639, 687, 816 and 822 on the nucleotide sequence. 
The degenerate primer pairs with the highest ssuD gene diversity coverage cover the 
nucleotide regions 209-1001 (primer pair ssuD_209F & ssuD_1001R) and 26-601 (primer 
pair ssuD_26F & ssuD_601R) for the reference ssuD gene of P. putida S-313. 
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3.4. Primer pair ssuD_209F & ssuD_1001R (used for T-RFLP) 
3.4.1. Sequences used for the primer design and binding sites of the forward and 
reverse primer 
The sequences representatives of different phyla, which were aligned for the degenerate 
primer design of primer pair ssuD_209F & ssuD_1001R, and the in silico primer binding site 
for each primer are presented in table 3.1.
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Table 3.1: Sequences used for the design of primer-pair ssuD_209F & ssuD_1001R 
 
  
Species/Strain NCBI gene accession number (GI) Phylum  
Primer binding site 
forward strand  
Primer binding site 
reverse strand  
Amycolatopsis mediterranei U32 gi|300781937:c5544110-5542677 Actinobacteria 236 – 255 1028-1009 
Conexibacter woesei DSM 14684 gi|284041471:c3620678-3619497 Actinobacteria 251-270 146-165 
Frankia alni ACN14a gi|111219505:5226580-5228053 Actinobacteria 245-264 1031-1012 
Micromonospora sp. L5 gi|315500818:5217313-5218829 Actinobacteria 236-255 1022-1003 
Mycobacterium rhodesiae NBB3 gi|375137218:3321530-3323000 Actinobacteria 272-291 1058-1039 
Nocardia farcinica IFM10152 gi|54021964:c1331740-1330221 Actinobacteria 236-255 1046-1027 
Saccharopolyspora erythraea NRRL238 gi|134096620:c5792138-5790633 Actinobacteria 242-261 1028-1009 
Streptomyces albus J1074 gi|478686601:200318-201834 Actinobacteria 257-276 1043-1024 
Streptomyces hygroscopicus supsp 
Jinganggensis TL01 gi|474978534:c2335194-2333767 Actinobacteria 332-351 1022-1003 
Thermobispora bispora DSM43833 gi|296267998:c1558064-1556588 Actinobacteria 179-198 1013-994 
Burkholderia sp. CCGE1001 gi|323524377:c2151376-2149868 α- Proteobacteria  203-222 1016-997 
Gluconacetobacter xylinus NBRC 3288 gi|347759221:c282704-281193 α- Proteobacteria 227-246 1019-1000 
Comamonas testosteroni ATTC11996 gi|264676136:c3485672-3484742 β- Proteobacteria 299-318 1019-1000 
Delftia sp. CS1-4 gi|333911667:5475247-5476747 β- Proteobacteria 227-246 1019-1000 
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Polaromonas naphthalenivorans CJ12 gi|121602919:c2554859-2553348 β- Proteobacteria 302-321 1001-982 
Pseudomonas putida KT2440 gi|26986745:292470-293962 β- Proteobacteria 209-228 1001-982 
Variovorax paradoxus S110 gi|239813019:c3135669-3134150 β- Proteobacteria 299-318 1019-1000 
Citrobacter rodentium ICC168 gi|283783779:c1114707-1113218 γ- Proteobacteria 209-228 1001-982 
Klebsiella variicola AT-22 gi|288932888:2279836-2281247 γ- Proteobacteria 227-246 1019-1000 
Paenibacillus mucilaginosus 3016 gi|379718015:3784375-3785902 Bacilli 203-222 995-976 
 
 
The sequences above were chosen for the alignment for the degenerate primer design of the primer pair ssuD_209F & ssuD_1001R. Each of the sequences 
represents a cluster of near related sequences at a threshold of 97% sequence identity and are therefore considered as representative for other sequences obtained in 
each cluster to cover a wide range of different phyla and classes and obtaining an alignment with a high consensus identity in order to well discover conserved 
regions. Up to 4 Mismatches were accepted for forward and reverse primer binding positions. 
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Theoretical primer binding sites of the primer pair ssuD_209F & ssuD_1001R at the ssuD 
gene of P. putida is shown below: 
 
Figure 3.3: In silico Primer binding of the degenerate primer pair ssuD_209F & ssuD_1001R on 
the ssuD reference gene of P. putida.  
The expected product size is 792 base pairs (bp) 
 
The conserved residues of the SsuD enzyme are highlighted in the protein-sequence of P. 
putida shown below:  
>gi|21623837|dbj|BAC00973.1| FMNH2-dependent alkanesulfonate monooxygenase 
[Pseudomonas putida]  
MSLNIFWFLPTHGDGKYLGTSEGARAVDHGYLQQIAQAADRLGFGGVLIPTGRSCEDSWLVAASLIPVTQRLKF
LVALRPGIISPTVAARQAATLDRLSNGRALFNLVTGGDPDELAGDGLHLNHQERYEASVEFTRIWRKVLEGEVV
DYDGKHIQVKGAKLLYPPIQQPRPPLYFGGSSEAAQDLAAEQVELYLTWGEPPSAVAEKIAQVREKAAAQGREV
RFGIRLHVIVRETNEEAWAAADKLISHLDDDTIARAQASLARFDSVGQQRMAALHNGNRDKLEVSPNLWAGVGL
VRGGAGTALVGDGPTVAARVKEYAELGIDTFIFSGYPHLEESYRVAELLFPHLDVQRPEQAKTSGYVSPFGEMV
ANDILPKSVAQS 
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3.4.2. Evaluation of primer specificity for ssuD_209F & ssuD_1001R 
The specificity of the primer pair ssuD_209F & ssuD_1001R (DNC GNC TGA AGT TCC 
TGG TC) on the forward strand and (TGB GGA TAG CCN GAN AGG AT) on the reverse 
strand was first evaluated using Microbial Nucleotide BLAST (http://blast.ncbi. 
nlm.nih.gov/Blast.cgi). The E-value obtained for the forward primer was 5.8 and for the 
reverse primer retrieved no significant similarity at this level of degeneracy. 23 out of 32 
matches with an E-value of 5.8 retrieved for the blasted forward primer sequence were specific 
for alkanesulfonate monooxygenase, other hits included hypothetical proteins, and also sulfite 
reductase. 
The primer pair ssuD_209F & ssuD_1001R was tested in a PCR of two samples of soil DNA. 
These were extracted from a local park lawn soil, which is also used as a water retention basin 
in the case of heavy rains (Australian Technology Park, Eveleigh NSW 2015), and from an 
agricultural soil (Narrabri). The two soil types were chosen for comparison of the ssuD gene 
amplification, since PCR amplification of distinct functional genes can be affected by 
inhibiting substances found in different soil types, in particular with humic substances co-
extracted with the DNA (Albers et al., 2013). Gene-diversity found in a rhizosphere soil 
sample can also vary depending on plant and soil type (Inceoglu et al., 2010). DNA from both 
soils was used for further PCR and cloning (see below). 
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Agarose-gel electrophoresis with the PCR-product showed a clear band at the expected 
product size of ~ 800 base pairs. 
 
Figure 3.4: Agarose-gel electrophoresis of PCR-product of primer pair ssuD_209F & 
ssuD_1001R 
 A temperature gradient between 57C and 64C was tested. Unspecific bands are obtained between 
57 and 61C. At 62C a clear band is visible with a product size of ~ 800 base pairs which is similar 
to the expected product size of the reference ssuD gene of P. putida with 792 bp (Hyper Ladder IV). 
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After pGem-T Easy cloning and PCR with the M13 Forward and Reverse primer (see chapter 
2, Materials and methods) of the single colonies the resulting PCR products of each clone 
were separated on an agarose gel, and had the expected product size of 800-900 bp. To test 
whether the clones revealed a genetic diversity, 20 random clones were digested for 4 hours 
with the restriction enzyme HhaI.  
PCR-products, which showed a different restriction digest pattern, were sequenced (AGRF, Sydney). 
The BLAST search for the nucleotide sequences obtained through cloning and sequencing of the 
PCR product of primer pair ssuD_209F & ssuD_1001R gave the following hits with the 
highest percentage of sequence identity of the obtained FASTA sequences specifically 
targeting the ssuD genes. The in silico PCR with this primer pair had a coverage of 75% of 
the database known sequences, whereas sequences, which would not amplify using the in 
silico approach, were retrieved in vitro. The results indicate that PCR can amplify ssuD 
sequences which were not amplified using the in silico PCR approach (see sequences marked 
with * in table 3.2) 
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Table 3.2: BLAST results for clone sequences of PCR amplimers of primer pair ssuD_209F & 
ssuD_1001R. 
Strain 
Accession 
number NC_ 
Phylum 
% DNA 
sequence 
identity  
Thermomonospora curvata DSM 43183 013510.1 Actinobacteria 89 
Streptomyces hygroscopicus subsp. jinggangensis 
TL01 
017765.1 Actinobacteria 86 
Streptomyces violaceusniger Tu 4113 015957.1 Actinobacteria 91 
Micromonospora sp. L5 014815.1 Actinobacteria 95 
Thermobispora bispora DSM 43833 014165.1 Actinobacteria 99 
Amycolatopsis mediterranei S699 014318.1 Actinobacteria 90 
Micromonospora aurantiaca ATCC 27029 014815.1 Actinobacteria 93 
*Nocardia farcinica IFM 10152 DNA 006361.8 Actinobacteria 97 
**Gluconacetobacter xylinus NBRC 3288 016027.1 α-Proteobacteria 97 
Saccharopolyspora erythraea NRRL2338 009142.1 Actinobacteria 85 
Mycobacterium rhodesiae NBB3 016604.1 Actinobacteria 98 
Streptomyces albus J1074 020990.1 Actinobacteria 95 
Streptomyces sviceus ATCC 29083 002285.1 Actinobacteria 92 
*Conexibacter woesei DSM 14684 013730.1 Actinobacteria 85 
Variovorax paradoxus S110 chromosome 1 008278.1 β-Proteobacteria 98 
* Polaromonas naphthalenivorans CJ2 008781.1 β-Proteobacteria 92 
* Delftia sp. Cs1-4 chromosome, complete genome 008781.1 β-Proteobacteria 88 
* Frankia alni ACN14a 008278.1 Actinobacteria  91 
Actinoplanes missouriensis 431 017093.1 Actinobacteria 87 
 
The nearest hits showed a percentage of DNA sequence identity between 85 and 99%. BLAST 
nucleotide results for the clone sequences of PCR amplicons of primer pair ssuD_209F and 
ssuD_1001R.  
* BLAST nucleotide results for the clone-sequences which were not found to be bound by the 
primer pair ssuD_209F & ssuD_1001R through in silico-PCR, showing a higher primer 
coverage in vitro than in silico.  
**Sequences which were obtained 2x 
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The overall in silico coverage of the primer pair ssuD_209F & ssuD_1001R was estimated to 
be 75%, since 75% of all database known sequences were tested in silico with the primer 
search tool of the EMBOSS software (Rice et al., 2000) (http://bioinfo.nhri.org.tw/gui/ 
10.02.2014), allowing 4 mismatches. These findings can only be approximate since clone 
sequences from PCR amplification were retrieved which were not contained in the list of in 
silico amplified sequences (see list of clone sequences above). The Neighbor Joining Tree 
(figure 3.6) shows that the ssuD_209F & ssuD_1001R primer pair shows coverage for 
sequences from all bacterial phyla, except cyanobacteria and chloroflexi. In contrast to the 
tree shown in figure 3.1 the tree in figure 3.6 shows the clone-sequences (highlighted in 
colour) which mostly belong to the phylum of actinobacteria and β-proteobacteria.  
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Figure 3.6: Neighbor 
Joining Tree of sequences 
used for the design of 
degenerate primer 
ssuD_209F & ssuD_1001R 
and sequences of clones 
retrieved by PCR with 
DNA isolated from park 
grass rhizospheres 
89 representative sequences 
were chosen out of 1200 
sequences for the creation of 
this phylogenetic tree. 
Phylogenetic classes are 
presented in different 
coloured branches, and the 
clades used for the design of primers are presented by the letters A-F. The Neighbor Joining Tree was exported in NEWICK format from Mega 6 
(Tamura et al., 2013) and coloured in and reformatted through the iTOL website (Letunic & Bork, 2011). The tree was bootstrapped with 500 
bootstrap replications. The sequences of the clones obtained from PCR with primer pair ssuD_209F & ssuD_1001R are shown in colour. Orange: 
α-Proteobacteria, green: β-Proteobacteria, dark blue: δ-Proteobacteria, yellow: Actinobacteria
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3.4.3. Development of T-RFLP: restriction enzyme digest and fluorescent primer 
labelling 
To reveal as much diversity as possible among the bacterial ssuD sequences recovered through 
PCR, two different T-RFLP approaches were considered and tested in silico and in vitro. As 
a first approach, digestion with two different restriction enzymes was considered in order to 
increase the number of restriction fragments and therefore the number of detectable peaks. 
This method has been reported to increase accuracy of T-RFLP profiles (Osborn et al., 2006). 
As a second option the use of labelled primers for both ends of the amplified sequence was 
tested. The two methods were compared in order to optimise the abundance of fluorescent 
restriction fragments and therefore the number of peaks in the T-RFLP profile.  
For in silico analysis the program TRiFLe was used which generates theoretical restriction 
fragments from any in silico PCR amplification product of a list of user-supplied sequences 
(Junier et al., 2008). The in silico test for the restriction enzymes tested (HaeIII, Sau96I, HhaI, 
AluI, ClaI, EcoRI, TaqI) showed that Sau96I gave the highest number of different restriction 
digest fragments and therefore the highest sequence diversity, followed by the restriction 
enzyme HhaI. In order to avoid false peaks in the peak-analysis, a minimum threshold value 
of 50 bp was set. In silico T-RFLP revealed that some digestion products are theoretically 
smaller than the threshold of 50 bp, this cut-off value can cause the loss of small fragments. 
For in-vitro analysis a 3-2,7, 8-benzo-5-fluoro-2,4,7-trichloro-5-carboxyfluorescein (NED) 
fluorescent label for the forward primer and a 5-carboxyfluorescein (FAM) fluorescent label 
for the reverse primer (position 209 forward and 1001 reverse at the reference sequence of P. 
putida) were used. The digestion enzymes TaqI, HhaI, Sau96I, and ClaI were tested on the 
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primer product of degenerate primer pair ssuD_209F & ssuD_1001R in single digests. Similar 
to the results of the in silico PCR and digest, the digestion enzymes Sau96I and HhaI revealed 
the highest peak number for PCR products of soil DNA from 2 different soils used for primer 
evaluation. Since other samples from DNA extracted from agricultural top soil were compared 
and gave similar results, the assumption was made that a restriction digest in 2 separate 
reactions and the use of a primer labelled at both ends give a similar number of T-RFLP peaks. 
However, the use of the compatible enzymes HhaI and Sau96I in one digestion gave 
unsatisfactory results in terms of the retrieved fragment length, therefore the use of a primer 
pair with both ends labelled was chosen for the ssuD T-RFLP protocol.  
 
 
Table 3.3: Evaluation of peak-number retrieved by different approaches of enzyme restriction. 
Sample “lawn soil” HhaI Sau96I SUM 
NED-label 22 34 56 
FAM-label 37 26 63 
SUM 59 60  
 
 
The sample from the lawn soil (above) and agricultural (below) were examined for the number of 
peaks retrieved either through the digest with 2 restriction enzymes (HhaI and Sau96I) as shown in 
columns or by using 2 labelled ends, as shown in rows. The sum of peaks retrieved by each method is 
represented in the last column (for the 2 enzymes) and in the last row (for the 2 labels) respectively. 
 
Sample “agricultural soil” HhaI Sau96I SUM 
NED-label 21 26 47 
FAM-label 30 27 57 
SUM 51 53  
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3.5. Primer pair ssuD_26F & ssuD_601R for alkanesulfonate monooxygenase 
with a product size of ~560 base pairs 
In order to create a suitable primer pair to target ssuD gene diversity with next generation 
sequencing approaches, as for instance Illumina sequencing (see chapter 1 section 1.9.2.4.) a 
primer pair amplifying a shorter PCR product was designed.  
 
3.5.1. Sequences for the primer design and primer binding sites  
The following sequences were considered for the design of the primer pair ssuD_26F & 
ssuD_601R, as shown in table 3.4, including the primer-binding position on the forward and 
reverse strand. 
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Table 3.4.: Sequences used for the design of primer-pair ssuD_26F & ssuD_601R.  
 
Species/Strain NCBI gene accession number (GI) Phylum  
Primer binding site 
forward strand  
Primer binding site 
reverse strand  
Actinoplanes sp. SE50/110 gi|386845069:2757702-2759226 Actinobacteria 47-66 643-625 
Kocuria rhizophila DC2201 gi|184199646:171466-172888 Actinobacteria 25-44 628-610 
Nocardia farcinica IFM10152 gi|54021964:c1331740-1330221 Actinobacteria 26-45 616-598 
Agrobacterium radiobacter K84 gi|222084201:c2162833-2161306 α- Proteobacteria 41-60 616-598 
Azospirillum sp. B510 gi|288959735:c592771-591236 α- Proteobacteria 50-69 625-607 
Starkeya novella DSM 506 gi|298290017:905098-906512 α- Proteobacteria 50-69 625-607 
Delftia sp. CS1-4 gi|333911667:5475247-5476747 β- Proteobacteria 20-39 607-589 
Cupriavidus taiwanensis LMG19424 gi|188590795:c1881100-1879576 β- Proteobacteria 20-39 607-589 
Rubivirax gelatinosus IL144 gi|383755859:2670740-2672259 β- Proteobacteria 20-39 607-589 
Erwinia billingiae Eb661 gi|300714588:2337095-2338611 γ- Proteobacteria 44-63 619-601 
Klebsiella variicola AT-22 gi|288932888:2279836-2281247 γ- Proteobacteria 44-63 619-601 
Pseudomonas putida KT2440 gi|26986745:292470-293962 γ- Proteobacteria 26-45 601-583 
Sorangium cellulosum “So ce 56” gi|162448269:c6911950-6910469 δ-Proteobacteria 20-39 595-577 
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Bacillus amyloliquefaciens FZB42 gi|154684518:894707-896183 Bacilli 20-39 595-577 
Geobacillus sp.WCH70 gi|239825584:c2655959-2654494 Bacilli 20-39 595-577 
Paenibacillus mucilaginosus 3016 gi|379718015:3784375-3785902 Bacilli 20-39 595-577 
Herpetosiphon auranticus DSM 785 gi|159896533:c3546828-3545336 Chloroflexi 20-39 595-577 
 
The sequences above were chosen for the alignment for the degenerate primer design of the primer pair ssuD_26F & ssuD_601R. Each of the sequences represents 
a cluster of near related sequences at a threshold of 97% sequence identity and are therefore considered as representative for other sequences obtained in each 
cluster to cover a wide range of different phyla and classes and obtaining an alignment with a high consensus identity in order to well discover conserved regions. 
Up to 4 Mismatches were accepted for forward and reverse primer binding positions. 
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The primer binding sites on the reference sequence of P. putida is shown below:  
 
Figure 3.7: In silico Primer binding sites of the degenerate primer pair ssuD_26F & ssuD_601R on 
the ssuD reference gene of P. putida 
An in silico primer test using the software Geneious revealed that with the acceptance of 4 
mismatches at the 5` end 83% of the sequences were compatible with those primers, recovering a 
higher diversity than the ssuD_209F & ssuD_1001R primer pair. Nevertheless this primer pair was 
not chosen for T-RFLP, since the product length of the ssuD_209F & ssuD_1001R primer pair at 
approximately 800 base pairs was more suitable to retrieve longer and more fragments through the 
restriction digest. The second concern was that for some sequences the in silico PCR product 
revealed a much bigger product size for some input sequences (987 for Herbaspirillum 
seropedicae NC_ 014323.1 instead of 575 base pairs as for P. putida) and may give inconsistent 
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results for the product length, although those findings couldn`t be confirmed through agarose-gel-
electrophoresis of the ssuD_26F & ssuD_601R PCR product.  
 
3.5.2. Evaluation of primer specificity 
The forward primer with the sequence TRC CKA CCC ACG GTG ACG GG was tested using 
BLAST against the nucleotide sequence collection of the NCBI database 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Date of access 10.02.2014) and showed an E-value for 
sequences of Escherichia coli of 4.7, whereas the reverse primer GYG GYT CGC CCC AGG TGA 
G nucleotide BLAST retrieved only an E-value of 19. The search results for the reverse primer 
sequence contained a wider range of phylogenetic classes among the result sequences (including 
α- Proteobacteria, γ- Proteobacteria and Actinobacteria).  
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The sequences retrieved from pGem-T Easy cloning of the PCR product of the ssuD_26F & 
ssuD_601R degenerate primer pair gave following results: 
 
Table 3.5: BLAST results for clone sequences of PCR amplimers of primer pair ssuD_26F & 
ssuD_601R. 
Strain Accession 
number 
NC_ 
Phylum % DNA 
sequence 
identity  
Acidovorax avenae subsp. avenae ATCC 19860 015138.1 β-Proteobacteria 85 
Citrobacter rodentium ICC168  013716.1 γ-Proteobacteria 86 
Delftia sp. Cs1-4 008781.1 β-Proteobacteria 90 
Klebsiella variicola At-22 013850.1 γ–Proteobacteria 97 
Rubivirax gelatinosus IL144 013850.1 β-Proteobacteria 84 
Streptomyces avermitilis MA-4680 003155.4 Actinobacteria 95 
The nearest hits showed a percentage of DNA sequence identity between 84 and 97%. BLAST 
nucleotide results for the clone sequences of PCR amplicons of primer pair ssuD_26F and ssuD_601R. 
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3.6. Other primer pairs targeting specific phylogenetic classes of ssuD 
representatives 
For the coverage of specific clades within the phylogenetic tree specific primers targeting class-
specific subgroups of the Neighbor Joining tree shown in figure 3.1 were designed. 
 
3.6.1. Degenerate primer pair ssuD_125F & ssuD_827R 
The forward primer sequence (17f) ACG ARG GCG TGY TGA TTC CCA C and the reverse 
primer (18r) CCA TGC GGC GCT GRC CTT were designed to target a range of α- and β-
proteobacterial sequences The forward primer (ssuD_125F) binds to the reference ssuD gene of 
Variovorax paradoxus in position 125 at the forward strand, whereas the reverse primer 
(ssuD_826R) hits the reverse strand at position 826, giving an amplimer length of 702 base pairs 
(see figure 3.8). The BLAST search of the sequences retrieved from the clone sequences of the 
PCR-amplimers of the ssuD_125F & ssuD_827R primer pairs gave following results: 
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Table 3.6: BLAST results for clone sequences of PCR amplimers of primer pair ssuD_125F & 
ssuD_827R. 
Strain Accession 
number NC_ 
Phylum % DNA 
sequence 
identity  
Methylobacterium extorquens DM4  012808.1 α-Proteobacteria 91 
Xanthobacter autotrophicus Py2 009720.1 α-Proteobacteria 90 
Burkholderia multivorans ATCC 17616 DNA 010804.1 β-Proteobacteria 80 
Polaromonas naphthalenivorans CJ2 008313.1 β-Proteobacteria 95 
Ralstonia eutropha JMP134 008313.1 β-Proteobacteria 83 
Variovorax paradoxus S110 008278.1 β-Proteobacteria 85 
Delftia acidovorans SPH-1 010002.1 β-Proteobacteria 96 
The nearest hits showed a percentage of DNA sequence identity between 80 and 96%. BLAST 
nucleotide results for the clone sequences of PCR amplicons of primer pair ssuD_125F and 
ssuD_827R. 
 
 
The BLAST search for the sequences obtained through cloning and sequencing retrieved 
unspecific results for 3 out of 10 of the cloned sequences, including adenylate/quanylate cyclase 
with chase sensor (Sequence ID: ref|NC_015500.1| ), and hypothetical proteins. Therefore this 
primer pair wasn’t considered for fingerprinting approaches. However, the BLAST search against 
the NCBI nucleotide collection retrieved ssuD sequences with an E-value of 0.59 with 94% 
sequence identity for the forward primer sequence and 9.6 for the reverse primer sequence with 
representatives of a wide range of β-Proteobacteria. 
PCR conditions for the primer pair the ssuD_125F & ssuD_827R are described in Materials and 
methods (chapter 1).  
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Figure 3.8: In silico primer binding of the degenerate primer pair ssuD_125F & ssuD_827R on the 
ssuD reference gene of V. paradoxus 
 
3.6.2. Degenerate primer pair ssuD_34F/1ssuD_636R 
The primer pair ssuD_34F/1 ssuD_636R was originally designed specifically for the clades of β- 
and γ-Proteobacteria, with the forward primer sequence (ssuD_34F) GAC AGC CGC CTA YCT 
SGG CAC and the reverse primer sequence (ssuD_636R) TCR CCC CAG TSA GGT AGG C. 
The forward primer 19f binds in position 34 on the forward strand, and the reverse primer at 
position 636 at the forward strand, giving an amplimer length of 602 base pairs on the reference 
gene of Variovorax paradoxus. 
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However, the range of clades covered by this primer pair through in silico PCR appeared to be 
beyond the expected classes, covering a wide range of Actinobacteria, and the BLAST search for 
the cloned sequences showed that none of the actual clone-sequences obtained would have 
amplified with the primer pair in silico. Since the primer pairs ssuD_209F & ssuD_1001R and 
ssuD_26F & ssuD_601R were found to cover a higher diversity than ssuD_34F & ssuD_636R, this 
primer pair wasn’t considered for further application. Furthermore a BLAST search against the 
nucleotide database of the NCBI did not retrieve any ssuD sequences, while the sequence BLAST 
of the retrieved clone sequences gave specific results. 
 
Table 3.7: BLAST results for clone sequences of PCR amplimers of primer pair ssuD_34F & 
ssuD_636R. 
Strain Accession 
number NC_ 
Phylum % DNA 
sequence 
identity  
*Methylibium petroleiphilum PM1 008825.1 β-Proteobacteria 87 
*Rubrivivax gelatinosus IL144 DNA 017075.1 β-Proteobacteria 92 
*Mycobacterium smegmatis str. MC2 15 008596.1 Actinobacteria 89 
*Kitasatospora setae  016109.1 Actinobacteria 97 
*Streptomyces avermitilis MA-4680 DNA 003155.4 Actinobacteria 92 
*Xanthobacter autotrophicus Py2 009720.1 α-Proteobacteria 93 
* BLAST nucleotide results for the clone-sequences, which were not found to be bound by the primer 
pair ssuD_34F & ssuD_636R through in silico-PCR, showing a higher primer coverage in vitro than 
in silico.  
 
 
 
126 
 
3.7. Degenerate Primers targeting atsA diversity 
Sulfatase enzymes belong to a highly homologous family and their function is to catalyse the 
hydrolysis of sulfate-ester bonds (Boltes et al., 2001). In aerobic soils the proportion of sulfur as 
plant-unavailable sulfate esters is high (Fitzgerald, 1976). Soil microorganisms have developed 
the ability to catalyse the hydrolysis of aromatic sulfate esters to the corresponding phenols and 
inorganic sulfate by synthesis of enzymes belonging to the arylsulfatase family (Beil et al., 1995, 
Hummerjohann et al., 2000). Arylsulfatase (EC 3.1.6.1), which is induced by sulfate starvation 
and thus repressed in the presence of sulfate, cysteine or thiocyanate has been well described in 
Pseudomonas aeruginosa and belongs to the cytoplasmic prokaryotic sulfatases (Murooka et al., 
1977, Beil et al., 1995, Boltes et al., 2001). While arylsulfatases in particular have been thoroughly 
studied in clinical environments, which are not characterised by S-limitation, characterisation of 
arylsulfatases in soil habitats with Streptomyces sp., Microbacterium sp. and Rhodococcus sp. 
show that arylsulfatases can also be associated with the cell membrane rather than only occurring 
intracellulary (Cregut et al., 2013).  
 
. 
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Alignments of bacterial and human protein sequences show conserved regions in arylsulfatases of 
human arylsulfatases and the arylsulfatases of proteobacteria (Beil et al., 1995). 
 
 
Figure 3.9: Extraction of sequence alignment of the N-terminal regions of arylsulfatases and 
arylsulfatase precursors from P. aeruginosa PAO, K. aerogens and Homo sapiens and of the 
arylsulfatase like protein of E. coli (Genebank accession Nr. M90498) (Beil et al., 1995) showing high 
consensus or similar residues.  
Identical sequences are marked with * and similar sequences with :  
 
The active site of the arylsulfatase protein of Enterobacter aerogenes (Aerobacter) and Klebsiella 
pneumoniae includes residue 134, therefore primers targeting the atsA-gene should be designed to 
cover the region around the 402nd nucleotide on the forward strand (http://www.uniprot.org/ 
blast/?about=Q9X759[134]&key=Active%20site) (accessed 11.02.2014). 
 
Investigations targeting arylsulfatase activity in agricultural soils have used combined approaches 
of measuring potential arylsulfatase activity through an enzymatic assay (Tabatabai & Bremner, 
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1970) in combination with assessing the overall microbial diversity measured by 16S rRNA gene 
diversity (Cregut et al., 2009).  
In order to assess functional diversity of atsA genes in rhizosphere soils rather than overall 
microbial diversity, PCR was carried out with specifically designed degenerate primers from a 
previous study atsA_CF-I (TNG CNG AYG AYN TSG GNT WYT CTG A) and atsA_CR_V9 
(TCS GSN CCR TTG TCS GAC ATG AA), which yield a product of approximately 900 bp, 
depending on bacterial species. For T-RFLP analysis of the atsA gene, primer atsA-CF-I was 
modified with a 5’-FAM fluorescent label (A. Houlden, unpublished data).  
The BLAST search of the forward primer sequence retrieved no significant similarity found, and 
the search for the reverse primer retrieved atsA-gene specific sequences, with the highest identity 
of 88% and an E-value of 38. 
The in silico evaluation of the primer pair with the help of the EMBOSS software primersearch 
(Rice et al., 2000) (http://bioinfo.nhri.org.tw/gui/) (accessed 11.02.2014).revealed that, allowing 
20% mismatches, 21% of the atsA-sequence representatives would be amplified with a product 
size ranging from 820-1072 bp. The binding positions of this primer pair were calculated for the 
atsA-gene of P. putida on base pair 392 and base pair 1299.  
As template for the positive control 1 µl of cell lysate was used for PCR, giving a PCR-product 
size of 930 base pairs. The lysate consisted of 1 µl of agar-plate grown colonies of P. aeruginosa 
were suspended in 1 mL of mQ H2O in freeze-thawed three times. 
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In previous work the primer pair has shown inconsistent results, when amplifying the atsA-gene 
in DNA extracted from grassland or agricultural rhizosphere soils across the UK (Schmalenberger, 
personal communication). Furthermore agarose-gel electrophoresis of the PCR product showed 
bands with different product sizes. However, a creation of a clone library including clones from 
the PCR product of the expected product size, but also from the PCR products of different product 
sizes revealed that the cloned sequences contained the atsA-gene.  
Unfortunately, inconsistent PCR amplification and a different range sizes of the PCR-product also 
occurred when amplifying the DNA extracted from rhizosphere from agricultural soils across 
NSW and Victoria (see chapter 5, 6 and 7) with this particular primer pair. 
Attempts to design other primer pairs, targeting the conserved regions of the atsA-gene and 
amplifying a range of diverse atsA-members have so far remained unsuccessful, since either no 
amplification with designed primers occurred when using soil DNA, which had previously 
amplified with the atsA primers described in section 3.7. (A. Houlden, unpublished data), or 
sequencing results of clones obtained from a PCR product of designed primer pairs revealed 
miscellaneous unspecific results. 
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3.8. Discussion 
The designed ssuD gene primer pair ssuD_209F & ssuD_1001R showed good coverage of the 
database known ssuD sequences in silico. Creation of the clone library showed that the coverage 
of rhizosphere microorganisms in a real PCR was higher than expected in the in silico approach, 
even with the acceptance of up to 5 mismatches at the primer binding site of 20 nucleotides. The 
use of degenerate primers to target gene diversity of genes, representing overall or functional gene 
diversity, is a widely used approach in all PCR based fingerprinting methods and next generation 
sequencing approaches (Roesch et al., 2007, Winsley et al., 2012, Penton et al., 2013, Gaby & 
Buckley, 2014). However, since the design of degenerate primers is based on sequences contained 
in a database of known sequences, this approach has its limitations when it comes to discovering 
unknown, distantly related sequences. In silico evaluations show that widely used primer pairs 
might only partially cover the diversity of functional gene sequences such as nifH (Gaby & 
Buckley, 2014). Furthermore, degenerate primers might, in some cases, also target unspecific 
sequences and therefore lead to false results, as shown in the case of various universal primers 
targeting the 16S rRNA gene (Mori et al., 2014). False results are particularly problematic in 
fingerprinting approaches, where sequence identity is unknown.  
While in silico PCRs offer a useful tool to evaluate primer binding potential, real PCR exhibited a 
higher diversity coverage of the primer pair ssuD_209F & ssuD_1001R than the estimation by the 
in silico approach. Therefore in silico PCRs are a good method to obtain an approximate evaluation 
of primer coverage but deviate from the results obtained in the laboratory. This might be due to 
primer-binding properties, which are determined by PCR conditions, as well as the position of the 
mismatches. Mismatches between the primer sequence and the target nucleotide-sequence limit 
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primer-efficiency, depending on the position of the mismatches along the target sequence. 
However, it has been shown that mismatches at the 3` terminal were far more detrimental than 
mismatches at the 5` terminal, which might explains why the primer pair ssuD_209F & 
ssuD_1001R has a high diversity coverage, while exhibiting up to 5 mismatches at the 5` terminal 
(Stadhouders et al., 2010). 
Although PCR-based fingerprinting methods have can have biases in representing real microbial 
diversity (Baker et al., 2003), combination of fingerprinting methods combined with the creation 
of clone-libraries or PCR-based next-generation sequencing approaches can help to provide 
specific information about responses of microbial diversity to changes in environmental conditions 
and supply information about the organisms involved (Swanson & Sliwinski, 2013).  
The both developed primer pairs are applicable for a) T-RFLP and b) pyrosequencing approaches, 
and both target a broad diversity of ssuD gene harbouring organisms. This allows future research 
to investigate a) what treatment effects do cause changes in ssuD diversity and b) to identify the 
major organisms responsible for sulfonate mobilisation among the different treatments. 
Treatments can include a range of different ecosystems, since it has been shown in various studies 
that overall rhizosphere microbial species diversity, and also sulfate-ester mobilising diversity is 
reduced in usually N-amended agricultural ecosystems when compared to more natural and N-
limited ecosystems such as grassland (Schmalenberger et al. 2008, Fierer et al. 2012). Thus the 
optimum use of the developed primer pairs will be achieved when it is investigated (a) how and 
whether certain treatments of agricultural soils do affect ssuD diversity and (b) what species are 
the major players in sulfonate mobilisation among different treatments, and how they can be 
positively influenced and (c) whether plant sulfur status can be enhanced under limiting conditions 
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by either choosing “treatments” (plant genotype, inoculation, fertiliser level, crop rotation) or by 
using some of the identified and cultivable ssuD solubilising organisms as plant inoculant. 
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Chapter 4 
Sulfonate mobilising abilities of the PGPR Azospirillum brasilense and 
Herbaspirillum seropedicae and effects of inoculation on plant growth 
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4.1 Introduction  
Plant growth promoting rhizobacteria (PGPR), such as Azospirillum brasilense, a prominent 
species among the PGPR, and Herbaspirillum seropedicae have been reported to show direct 
beneficial effects on plant growth and have therefore been used as inoculants for agricultural crops 
such as sugar-cane, corn or wheat (Okon & Labanderagonzalez, 1994, Jacoud et al., 1999, 
Dobbelaere et al., 2001). Various mechanisms are involved in plant growth promotion through 
beneficial bacteria such as diazotrophic N2-fixation, production of a nitric-oxide signal, production 
of plant phytohormones as for example IAA (indole-3-acetic acid) and deamination of the ethylene 
precursor 1- aminocyclopropane-1-carboxylate (ACC) (Bashan et al., 2004, Blaha et al., 2006, 
Spaepen et al., 2007). Yield increases above ground require an enhanced nutrient and water uptake 
below ground. The efficient acquisition of nutrients and water in a non-uniform soil depends 
largely on root system architecture and its plastic variation (Dunbabin et al., 2004). Increased root 
surface area through enhanced root elongation, root branching, increased development of root hairs 
and modification of root function are so-called below-ground effects of PGPR (Molina-Favero et 
al., 2008, Baudoin et al., 2010, Vacheron et al., 2013).  
The positive effect of PGPR on plant nutrition can either be caused by enhanced plant growth 
through the microbial synthesis of phytohormones (Mantelin & Touraine, 2004) or is associated 
with an enhanced plant nutrient status. Plant nutrient status can be either improved through 
biological nitrogen fixation (BNF), or through microbial mobilisation of otherwise plant-
unavailable nutrients (Weller et al., 2002, Marschner & Rengel, 2003, Adesemoye et al., 2008, 
Yin et al., 2013). Any successful associative relationship between microorganism and host plant 
requires the right conditions, such as soil-environment (soil pH, absence of inhibiting substances 
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or antagonists, water content, soil aeration, temperature), but also compatibility of microorganism 
and host plant (Kloepper et al., 1980, Dobbelaere et al., 2003). 
In field studies, inoculation with commercially available PGPR resulted in enhanced plant growth 
and yield and an effect of the interaction of fertiliser and inoculants on nitrogen content per gram 
grain tissue was observed (Adesemoye et al., 2008, Kumar et al., 2014). An increased nutrient use 
efficiency of corn plants inoculated with PGPR and AMF showed higher removal of N, P and K 
accumulated in the field soil compared to plants receiving no inoculum (Adesemoye et al., 2008). 
Despite numerous positive reported effects of inoculation with A. brasilense, a large-scale 
commercial application has so far been limited. Yield increases due to inoculation with A. 
brasilense are unpredictable and inconsistent (Okon & Labanderagonzalez, 1994, Ramos et al., 
2002). One of the factors determining the agronomical success of an inoculation treatment is the 
survival rate of the applied PGPR in the soil and the successful colonization of the rhizosphere of 
the target plant. In order to survive in the rhizosphere, a PGPR must have a range of abilities and 
traits, which include desiccation tolerance, host compatibility, motility, and successful interactions 
with the host plant including chemotaxis and stimulation through root exudates (Bais et al., 2006, 
Oku et al., 2012). Furthermore the ability of host plant and bacterium to form an endophytic 
relationship is of importance for the PGPR strain (Schloter & Hartmann, 1998, Dutta & Podile, 
2010, Rose et al., 2011, Casteriano et al., 2013). GFP (green fluorescent protein) marked strains 
of A. brasilense Sp245 and mutant-strains of Sp7 have been described to reside endophytically 
within roots (Sp245) and plants (Sp7) of different wheat cultivars and various other culture plants 
including sugar cane and rice (Ramos et al., 2002, Rothballer et al., 2003). Endophytic growth of 
H. seropedicae has been reported for Sorghum bicolour and rice (Oryza sativa) (James et al., 1997, 
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Elbeltagy et al., 2002). Whether the relationship between host plant and bacterium is endophytic 
or rhizospheric can influence the efficiency of the host-bacterium interaction but also depends 
largely on the genetic compatibility between endophyte and host plant (Smith & Goodman, 1999, 
Vessey, 2003, Saikkonen et al., 2004).  
Various PGPR-driven mechanisms are responsible for enhanced nutrient use efficiency in the 
rhizosphere, as for instance enhanced root growth through the release of hormones by PGPR or 
through increased nitrogen supply through diazotrophs. However, increased root and plant growth 
through additional nitrogen also requires an adequate supply with other nutrients such as P and S.  
The plant available form of sulfate-sulfur only makes up 0-10% of the soil-sulfur pool which 
mainly consists of organic sulfur compounds such as sulfate-esters and sulfonates 
(Schmalenberger et al., 2008). Therefore bacteria and fungi, able to mineralise organic sulfur into 
sulfate, play an important role in maintaining the plant available sulfate pool in soils. To solubilise 
a range of different sulfur sources for their own growth, and therefore to subsequently feed the 
soil-sulfate pool, soil bacteria require specific enzymes. These specific enzymes have been well 
characterised and are summarised in the table below (see table 4.1.). However, the preferred sulfur 
source for many bacterial species is sulfate or cysteine. After a period of sulfate starvation, 
bacterial sulfur starvation induced (SSI) proteins are induced (Kertesz et al., 1993, Beil et al., 
1996). Most growth media for bacteria contain sulfate, either as mineral salts or even sulfur-
containing amino-acids derived from cell hydrolysates (Kertesz, 2000). Bacteria can also grow 
with methionine as a sole sulfur source, either through the reverse transulfuration pathway as 
described for P. syringae (Andersen et al., 1998) or by conversion into methanethiol and further 
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oxidization to methanesulfonate. The latter pathway requires a desulfonation by alkanesulfonatase 
to release sulfite for reassimilation into cysteine (Vermeij et al., 1999, Hullo et al., 2007). 
 
Table 4.1: Organic sulfur substrates used in this study and enzymes responsible for the utilization of 
organic sulfur sources 
Substrate Enzyme Function Gene-locus Reference 
Nitrocatechol 
Sulfate  
(Arylsulfate 
Ester) 
AtsA Hydrolysis of 
arylsulfate-
esters to phenols 
and inorganic 
sulfate  
atsA  (Murooka et al., 1990) 
Pentane 
Sulfonate  
(Alkane 
Sulfonate) 
SsuD Desulfonation of 
alkanesulfonates 
ssuEADCB  
 
(Vermeij et al., 1999) 
Toluene 
Sulfonate  
(Aryl 
Sulfonate) 
SsuD & 
AsfAB 
Aliphatic 
desulfurisation 
ssuEADCB & 
asfRABC 
(Vermeij et al., 1999, 
Schmalenberger et al., 2009) 
 
 
Rhizosphere bacterial strains with the ability to mineralise organically bound sulfur have been 
demonstrated to play a role in promoting plant growth (Kertesz & Mirleau, 2004). For this reason, 
but also for bacterial survival in soils under sulfate-limited conditions, the ability to utilise a wide 
range of sulfur sources is important for performance of a PGPR strain. 
Plant growth promotion through PGPR can either be caused through the release of growth 
hormones by the microbial inoculants, or through an enhanced N status of the plant through 
microbial N-fixation. However, since plant S demand is correlated to an increased plant growth, 
PGPR may also be involved in the mobilisation in otherwise scarcely available S sources (organic 
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S). Thus the hypothesis for the experiments described in the following chapter is that a) the PGPR 
A. brasilense and H. seropedicae do not only have a plant growth promoting effect through N-
fixation or release of IAA, but that they are b) able to solubilise a wide range of otherwise plant 
unavailable S sources. 
 
 
4.2. Objectives  
The overall aim of this chapter was to test the survival of the strains A. brasilense Sp7, Sp7-S, 
Sp245 and H. seropedicae ATCC 35892 in wheat rhizospheres using rifampicin resistant mutant 
strains. In addition, the effects of the used inoculum strains on plant and root growth promotion of 
the 5 wheat genotypes used in this study (EGA Gregory, CBRD/KAUZ//KASO2, 
CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO, KRICHAUFF and SOKOLL) were 
measured. To investigate whether A. brasilense and H. seropedicae have the potential to contribute 
to plant S-nutrition, the strains’ ability to grow with a range of different sulfur sources was tested. 
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4.3. Survival of rifampicin-resistant inoculant strains in wheat rhizospheres 
The ability of a bacterium to survive in the rhizosphere can be tested with the help of marker genes 
for the green fluorescent protein (GFP) (Stepanenko et al., 2008) or resistance against antibiotics, 
such as rifampicin (Scherwinski et al., 2007). Although the acquirement of rifampicin resistance 
only requires a single point mutation in the RNA polymerase gene and rifampicin-resistant strains 
are otherwise isogenic to the wild-type strains (Telenti et al., 1993), resistance against antibiotics 
is often associated with a loss of fitness (Andersson, 2006). 
Rifampicin-resistant mutant strains A. brasilense Sp7rif, Sp7-Srif, Sp245-rif and H. seropedicae 
ATCC 35892rif were compared to the wild-type strains in growth and viability. The survival rates 
of the inoculants in wheat rhizospheres were measured through re-isolation of the rifampicin-
resistant marker inoculum strains from the wheat-rhizospheres, 4 and 8 weeks after sowing. 
Bacterial growth of rifampicin (rif) + and – strains on nutrient broth as general growth medium 
was comparable (Fig 4.1). The created rifampicin-resistant mutants were considered suitable for 
the use as bacterial inoculants in the subsequent pot trial, investigating the survival and abundance 
of the rifampicin ‐resistant strains in wheat rhizospheres.
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Figure 4.1: Comparative growth curves of wild type (left) and rifampicin-resistant (right) strains of A. brasilense (Sp7rif, Sp7-Srif, 
Sp245rif) and H. seropedicae ATCC 35892rif (on the left)  
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Rifampicin resistant strains (on the right) show similar growth and viability as the wild-type (on the left) measured in optical density (OD650) 
in a time period of 20 hours, grown in Nutrient Broth. The comparative growth curves were measured using 2 replicates. Generation times and 
standard errors are represented in the table below the growth curves. Bacterial growth was measured on a SynergyTM H1 microplate 
reader (BioTek). The bacterial growth on the microtitre plate occurred at 25 C with orbital shaking and the OD650 of each well was 
measured every 10 minutes using Gen5TM 2.0 Data Analysis Software. The Max V generated by the software was used to calculate 
the generation times from a minimum of 12 data points comprising the exponential phase of growth
Generation time (min) Sp7 Sp7-S Sp245 H.s. 
Without added rifampicin  84.81 ± 13.21 81.65 ± 11.23 98.75 ± 8.42 43.33 ± 12.36 
With added rifampicin 89.72 ± 15.83 77.22 ± 9.75 93.53 ± 12.93 50.56 ± 9.78 
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In order to test the survival of the rifampicin resistant strains in the rhizosphere in a pot trial, wheat 
seedlings of the five wheat cultivars used in this study were grown in a 1:1 mixture (v/v) of coarse 
sand and a clay-containing agricultural top soil from Cobbitty (Breakwell 2). The soil-sand mixture 
was fertilised with AQUASOL, and inoculated with 1 ml inoculum solution containing 5 x 108 cfu 
of the respective strain (A. brasilense (Sp7rif, Sp7-Srif, Sp245rif) and H. seropedicae ATCC 
35892rif) (see chapter 1, section 2.2-2.4). Plants were grown for a period of 8 weeks under 
greenhouse conditions at 25C during the day and 20C at night and watered daily to field capacity. 
After 4 weeks significantly higher numbers of rifampicin-resistant cfu were recovered from the 
rhizospheres of the wheat plants inoculated with the rifampicin-resistant mutant strains of A. 
brasilense and H. seropedicae compared to the rhizospheres of un-inoculated control plants or 
plants inoculated with the wild-type strains (p=4.05e-11, F-value=76.16 in One-Way-ANOVA). 
Nevertheless, a native population of rifampicin-resistant cfu could be recovered from the negative 
control and from the plants inoculated with the wild type strains of A. brasilense and H. 
seropedicae. After 8 weeks the numbers of cfu retrieved from the plants receiving rif + and rif - 
inoculations did not differ significantly, and were all in the range of the negative (un-inoculated) 
control (between 1.2 x 103 and 3 x 103 cfu). Between 1.2 x 104 and 6.6 x 104 cfu were recovered 
per g soil, 4 weeks after sowing across all treatments.  
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Figure 4.2: Recovery of rifampicin resistant colony forming units (cfu) recovered from the 
rhizosphere soil of the 5 wheat varieties used for this study 
 EGA Gregory, CBRD/KAUZ//KASO2, CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO, 
KRICHAUFF and SOKOLL (top-down) were grown in pots. The box blot shows the numbers of colony 
forming units per g soil from wheat plants grown in 3 replicates per treatment, either uninoculated (C) or 
inoculated with bacterial suspensions of either non-rifampicin resistant (left) or rifampicin resistant “rif” 
(right) strains of, A. brasilense Sp7, Sp7-S, Sp245 and H. seropedicae ATCC 35892 (H.s) 4 weeks after 
sowing and inoculation (see indication on the x-axis. The cfu scale (y-axis) recovered from the rhizospheres 
of the control treatment or the treatment containing the wild type strain inoculum ranges from 0 to 150,000 
cfu (left) and cfu scale of the treatment containing the rifampicin resistant mutant strains from 2e+06 to 
6e+06 cfu (right).  
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The results indicate that colonisation with the used PGPR has its peak during the early stages 
of plant growth, which is in accordance with the observed plant growth promotional effect, as 
described in the next section 
 
 
4.4. Plant growth promotion in 5 wheat-varieties through inoculation with 
rifampicin resistant strains of A. brasilense and H. seropedicae  
In order to determine whether the inoculant strains A. brasilense Sp7, Sp7-S, Sp245 and H. 
seropedicae ATCC 35892 are able to promote plant growth of the 5 wheat genotypes over a 
time frame of 6 weeks, a separate pot trial was conducted.  
Significant genetic and phenotypic differences between the gram-negative A. brasilense Sp7 
and A. brasilense Sp7-S and their related properties in association with wheat have been 
reported (Katupitiya S., et al., 1995). Regarding the phenotype, Sp7-S lacked surface 
structure, stained only weakly with Congo Red when grown on agar plates, and did not 
floculate when nitrate or fructose were added to liquid medium when compred to its wild type 
(Katupitiya S., et al., 1995). The strains differed in their root colonisation pattern and 
nitrogenase activity in their wheat plant growth promotion properties (Katupitiya S., et al., 
1995), highlighting the potential of strain Sp7 to promote wheat nitrogen acquisition through 
BNF even under unfavourable conditions in the field. Strain A. brasilense Sp245 was 
originally isolated from surface sterilised wheat roots in Brazil (Halsall and Goodchild, 1986) 
and has become prominent for its potential to grow endophytically within wheat roots. The 
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whole genome sequencing of this strain has revealed that A. brasilense Sp245 has one 
chromosome (accession number NC_016617) and six plasmids of different length (accession 
numbers NC_016594, NC_016618, NC_016595, NC_016596, NC_016619, and NC_016597, 
resp.). Furthermore comparative genomics analysis revealed that the 
genus Azospirillum might represent an evolutionary bridge between water- and soil-living 
bacteria (Orlandini et al., 2014). Due to similar shape, vibroid movement and G+C content in 
its DNA, the gram-negative Herbaspirillum seropedicae, was first placed into the genus 
Azospirillum. H. seropedicae was originally isolated from the rhizospheres of corn, sorghum 
and rice (The name refers to the habitat of the organisms, the roots of cereals which are 
herbaceous seed-bearing plants) (Baldani et al., 1986). However, a comparison of various 
strains of H. seropedicae and A. brasilense in RNA-RNA hybridisation experiments showed 
only similarity values less than 20% (Falk et al., 1986). The experiment described in this 
chapter was conducted in parallel to the field trial, investigating the 5 wheat genotypes 
inoculated with the 3 described strains of A. brasilense. The chosen strains and H. seropedicae 
were tested for their sulfur mobilisation potential (see chapter 2, chapter 5, pers. comm. 
Rosalind Deaker, University of Sydney). 
This experiment (4.4) was set up prior, but under the same conditions as the pot trial described 
under 4.3., with the difference that, instead of the rifampicin resistant strains, the wild-type 
strains were used. The wheat plants were grown in 3 replicate pots, containing 3 wheat plants 
per pot which were harvested after 2, 4 and 6 weeks.  
The leaf length of the flag leaf of each wheat plant was measured after 2, 4 and 6 weeks and 
wheat shoots were cut off and dried at 50C for 48 hours and then weighed.  
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Some inoculum strain and wheat-genotype combinations showed a significantly higher leaf 
length and plant dry weight after a period of 2, 4 and 6 weeks after sowing. Significant effects 
of plant growth promotion are shown in table 4.2. 
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Table 4.2: Significant (p<0.05) growth promotion in dry weight (g) and leaf length (cm) through 
inoculation treatments with A. brasilense and H. seropedicae in comparison to un-inoculated 
control 
 
Wheat Genotype Time 
point 
(weeks) 
Inoculation  Leaf length (cm) 
Growth promotion  
Dry weight (g) 
Growth promotion 
EGA Gregory  
2 
 
Sp7 
  
0.018 ± 0.001 
(0.01± 0.001) 
 
CBRD/KAUZ//KASO2  
2 
 
Sp7-S 
 
5.23 ± 0.176 
(3.45 ± 0.612) 
 
 
 
4 
 
Sp7-S 
 
  
0.062 ± 0.008 
(0.031 ± 0.001) 
 
 
4 
 
H.s. 
  
0.074 ± 0.006 
(0.031 ± 0.001) 
 
CROC_1/AE. 
SQUARROSA(205) 
//KAUZ/3/2*METSO 
 
6 
 
Sp7-S 
 
 
14.476 ± 0.551 
(11.2± 0.624) 
 
 
0.217 ± 0.022 
(0.107 ± 0.019) 
 
KRICHAUFF  
2 
 
Sp7 
 
7.067 ± 0.636 
(4.833 ± 0.696) 
 
0.18 ± 0.002 
(0.10 ± 0.001) 
 
 
6 
 
Sp7 
  
0.227 ± 0.022 
(0.107 ± 0.023) 
 
SOKOLL  
6 
 
Sp7-S 
 
 
15.5 ± 0.153 
(14.7 ± 0.643) 
 
 
 
6 
 
H.s. 
 
16.6 ± 0.833 
(14.7 ± 0.643) 
 
 
Treatments (in brackets): Sp7=A. brasilense Sp7, Sp7-S= A. brasilense Sp7-S, H.s.= Herbaspirillum 
seropedicae ATCC 35892. The experiment was conducted in 3 replicates. 
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4.5. Effects of Inoculation with A. brasilense Sp245 on plant growth and root 
development of wheat cultivar EGA Gregory at grain filling in a mesocosm 
In order to evaluate the effect of inoculation with A. brasilense Sp245 on plant and root growth 
of EGA Gregory until grain filling, a separate mesocosm trial was set up. The cultivar EGA 
Gregory was chosen because of its commercial importance in Australia, and the inoculum 
strain A. brasilense Sp245 because of plant growth response observed in field trials (Deaker, 
pers. comm., 2013). The mesocosms were constructed as described in chapter 1 (Materials 
and methods, section 2.2.2.) and the soil used for this experiment was a 1:1 (v/v) mixture of 
an agricultural top soil (vertisol from Narrabri) and coarse sand (chapter 1, section 2.2.1.). 
The mixture of soil and sand was necessary because of the high clay content of the vertisol 
used (see chapter 1).  
Seedlings were inoculated with 1 ml 10 mM MgCl2 solution containing 5 x 10
8 cfu (chapter 
1, section 2.5.1). Plants were grown for a period of 18 weeks until the stage of grain filling. 
Plant development was monitored through observing the plant flowering and the number of 
ears formed. After 18 weeks plants and roots were harvested, and plant and root dry weight 
were measured. Total root length, root surface area, root average diameter, root tips and root 
forks were measured as described in materials and methods (chapter 1, section 2.3.3).  
No significant effects were found for any of the investigated parameters. However, the first 
flowering was observed earlier in inoculated wheat plants when compared to the un-inoculated 
plants. Inoculated wheat plants showed flowering ears 4 days before the un-inoculated control. 
The parameters total root length in cm, root surface length in cm2, average root diameter, root 
tips, root forks, root crossings (data not shown) and fragment root lengths at different 
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diameters (0.01-0.05mm, 0.05-0.1mm, 0.1-0.2mm, 0.2-0.4mm and 0.4-0.6mm) (data not 
shown) showed all slightly higher values for the inoculated treatment, but due to a high 
standard error none of them differed significantly as assessed through One-Way-ANOVA (see 
table 4.4). 
 
Table 4.3: Plant and root- growth parameters investigated for EGA Gregory wheat plants grown 
in a mesocosm 
Treatment Ears per plant Shoot Dry Weight 
(g) 
Root Dry Weight 
(g) 
Root Total Length 
(cm) 
Sp245 13.9 ± 2.3 67.7 ± 6.0 26.1 ± 9.9 18335 ± 1760 
Control 12.6 ± 1.8 60.2 ± 5.5 21.2 ± 4.5 17091 ± 1061 
  
Treatment Surface area Root 
(cm2) 
Root average 
Diagram (mm) 
Root Tips  
(number) 
Root Forks 
(number) 
Sp245 4192 ± 103 6.95 ± 0.4 132097 ± 15103 38745 ± 7213 
Control 4036 ± 103 6.95 ± 0.41 122142 ± 3146 30655 ±2410 
 
The dimensions of the mesocosms were 30 cm diameter and 70 cm depth. Plants were grown in 3 
fold replicate a mixture of 1:1 (v/v) agricultural soil from Narrabri and coarse sand (2-5 mm particle 
size) under greenhouse conditions harvested 18 weeks after sowing at grain filling.  
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A significant increase in leaf length and dry weight could be shown for some genotype x 
inoculum combinations at differing time points up to 6 weeks of plant growth (section 4.4.). 
Although plant growth promotion was observed in some wheat-variety and inoculum strain 
combinations in a mixture of clay soil (Cobbitty, NSW) and coarse sand in a time period up 
to 6 weeks (section 4.4.), these findings could not be confirmed for the wheat variety EGA 
Gregory inoculated with A. brasilense Sp245 in a mixture of a vertisol (Narrabri) and coarse 
sand (section 4.5.). Plant dry weight and root dry weight were not affected by the inoculation 
treatment, and root length and structure remained unaltered. It can be pointed out that the 
wheat variety EGA Gregory did not show response to inoculation to Sp245 in the pot trial 
described in this section. 
 
 
4.6. Utilisation of different sulfur sources by Azospirillum brasilense and 
Herbaspirillum seropedicae 
In order to evaluate whether a certain bacterial species is able to utilise a range of sulfonates 
or sulfate esters, it is necessary to induce sulfate starvation. Sulfate starvation responses vary 
from species to species due to different cellular mechanism to cope with sulfur-limitation such 
as mobilisation of intracellular sulfur storage compounds (Roberts et al., 1955).  
The objective of this experiment was to determine whether A. brasilense and H. seropedicae 
can utilise a range of organic sulfur sources and therefore possibly contribute to plant-sulfur 
nutrition. The selected range of sulfur sources included methionine, pentane sulfonate, sodium 
cyclamate, nitrocatechol sulfate, toluene sulfonate, a positive control containing SO4, and a 
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negative control with no added sulfur-sources. Strains of A. brasilense were able to grow on 
all of the selected sulfur sources listed above, indicating the presence and expression of the 
atsA, the asfAB and the ssuD gene (which was also confirmed through BLAST search and 
PCR), whereas H. seropedicae only grew on the positive SO4-control, methionine and 
pentanesulfonate, indicating the presence of the ssuD gene (see figure 4.3 and table 4.4).  
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Figure 4.3 A): Growth curves of A. brasilense Sp7 in MM medium with different sulfur sources. 
The strains were grown in MM medium with sulfur as sulfate (SO4), no additional sulfur source 
(negative control), or with the addition of the sulfur sources methionine, pentane sulfonate, sodium 
cyclamate, nitrocatechol sulfate and toluene sulfonate. Each strain on each sulfur source was grown in 
3 fold replicate. The concentration of elemental sulfur in all treatments excluding the negative control is 
200 µM. The x-axis represents the time in hours and the y-axis the optical density at 650 nm (OD 650). 
154 
 
 
Figure 4.3 B): Growth curves of A. brasilense Sp7-S in MM medium with different sulfur sources. 
The strains were grown in MM medium with sulfur as sulfate (SO4), no additional sulfur source 
(negative control), or with the addition of the sulfur sources methionine, pentane sulfonate, sodium 
cyclamate, nitrocatechol sulfate and toluene sulfonate. Each strain on each sulfur source was grown in 
3 fold replicate. The concentration of elemental sulfur in all treatments excluding the negative control is 
200 µM. The x-axis represents the time in hours and the y-axis the optical density at 650 nm (OD 650). 
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Figure 4.3 C): Growth curves of A. brasilense Sp245 in MM medium with different sulfur sources. 
The strains were grown in MM medium with sulfur as sulfate (SO4), no additional sulfur source 
(negative control), or with the addition of the sulfur sources methionine, pentane sulfonate, sodium 
cyclamate, nitrocatechol sulfate and toluene sulfonate. Each strain on each sulfur source was grown in 
3 fold replicate. The concentration of elemental sulfur in all treatments excluding the negative control is 
200 µM. The x-axis represents the time in hours and the y-axis the optical density at 650 nm (OD 650). 
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Figure 4.3 D): Growth curves of Herbaspirillum seropedicae in MM medium with different sulfur 
sources. The strains were grown in MM medium with sulfur as sulfate (SO4), no additional sulfur 
source (negative control), or with the addition of the sulfur sources methionine, pentane sulfonate, 
sodium cyclamate, nitrocatechol sulfate and toluene sulfonate. Each strain on each sulfur source was 
grown in 3 fold replicate. The concentration of elemental sulfur in all treatments excluding the negative 
control is 200 µM. The x-axis represents the time in hours and the y-axis the optical density at 650 nm 
(OD 650). 
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Table 4.4: Generation times (gt) in minutes for A. brasilense strains (Sp7, Sp7-S and Sp245) and H. 
seropedicae ATCC 35892 (from growth curves shown in figure 4.3) 
Generation 
times (min) 
Sp7 Sp7-S Sp245 H.s. 
Negative 
Control 
    
Positive 
Control  
91.78 ± 15.31 48.32 ± 6.78 51.32 ± 6.35 36.94 ± 9.23 
Methionine 
83.19 ± 13.52 91.52 ± 30.79 74.34 ± 5.57 83.50 ± 12.47 
Nitrocatechol 
Sulfonate 
50.68 ± 4.04 94.23 ± 7.00 48.24 ± 8.75  
Pentane 
Sulfonate 
72.29 ± 7.23 80.97 ± 17.66 41.98 ± 7.59 61.53 ± 7.77 
Toluene 
Sulfonate 
57.87 ± 12.92 127.86 ± 8.78 48.31 ± 3.32  
Sodium 
Cyclamate 
64.08 ± 15.79 64.24 ± 2.54 55.07 ± 9.29 66.02 ± 9.29 
Red fields = no growth 
The bacterial strains were grown in 3 replicates on MM Medium using different S-Media at 200 µM of 
SO4, or no added sulfur-sources as a negative control. Bacterial growth was measured on a SynergyTM H1 
microplate reader (BioTek). The bacterial growth on the microtitre plate occurred at 25 C with orbital 
shaking and the OD650 of each well was measured every 10 minutes using Gen5TM 2.0 Data Analysis 
Software. The Max V generated by the software was used to calculate the generation times from a minimum 
of 12 data points comprising the exponential phase of growth.  
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Table 4.5: Utilisation of different sulfur sources by A. brasilense and H. seropedicae  
 
Sulfur (S) Source  
 
A. brasilense  
 
H. seropedicae  
 
Enzyme for S-utilisation   
 
Nitrocatechol sulfate  
(Arylsulfate ester)  
++ - AtsA* 
 
Pentane sulfonate  
(Alkane sulfonate) 
+++ +++ SsuD 
 
Toluene sulfonate  
(Aryl sulfonate)  
++ - AsfAB, SsuD 
 
Sodium cyclamate  ++ - Not yet known 
 
*Release of Nitrocatechol was measured by whole cell arylsulfatase activity measurement as described in 
materials and methods (chapter 1, section 2.4.2). 
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4.7. Discussion 
The results show that the isogenic rifampicin resistant mutant strains A. brasilense Sp7, Sp7-S, 
Sp245 and H. seropedicae ATCC 35892 had a comparable in vitro growth to the wild type strains 
(figure 4.1) used in this experiment and were able to colonise the rhizospheres of the 5 wheat 
varieties EGA Gregory, CBRD/KAUZ//KASO2, CROC_1/AE.SQUARROSA(205)//KAUZ/ 
3/2*METSO, KRICHAUFF and SOKOLL (section 4.3, figure 4.2). The initial growth of inocula 
in this study can be expected to be due to the use of internal nutrients from the pre-cultivation in 
the lab medium. However, recovery of rifampicin resistant mutant strains from the wheat 
rhizospheres dropped below detection limit after 8 weeks. Therefore, it can be assumed that 
inoculum strains only survived in the rhizosphere until a time between the 4th and the 8th week 
after sowing and inoculation. Spatial and temporal colonisation patterns of A. brasilense have been 
described in the past for wheat roots grown in a nutrient solution. In an A. brasilense gus-gene 
fusion system, it was shown that the entire root remained colonised for a period up to 27 days and 
that colonisation patterns differed slightly, depending on factors such as nitrogen content of the 
solution, but were overall persistent (Broek et al., 1993). Maize plants inoculated with different 
inoculation consortia comprising strains of A. lipoferum, A. brasilense and P. fluorescens and 
Glomus intrarradices showed 1.5 x 107 of A. brasilense per g rhizosphere soil after 10 days, 
whereas after a period of 35 days the numbers dropped to 2.7 x 105. In the case of A. lipoferum the 
numbers dropped below the detection limit of 4 x 103 (Couillerot et al., 2013). The survival of 
bacterial inoculants of four P. putida strains in different soil types also showed that after addition 
of a bacterial inoculum to the soil, a reproducible pattern of bacterial population dynamics was 
observed. P. putida populations were rapidly increasing for 1 day, followed by a linear decrease 
over time (Mirleau et al., 2005). 
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However, quantification through qPCR as used in the described study and the use of culture 
methods to recover rifampicin resistant mutant strains from rhizospheres are not comparable, nor 
are the used plant species or soil. However both findings suggest that colonisation under distinct 
conditions peaks in the early days of plant root development.  
For some wheat cultivar x inoculum strain combinations, increases in leaf length (cm) and plant 
dry weight were observed in a time frame up to 6 weeks (section 4.4.). However, no increased 
plant growth of EGA Gregory, inoculated with A. brasilense Sp245, was measured after a time 
period of 18 weeks (grain filling) (section 4.5). The absence of a plant growth promoting effect of 
A. brasilense on EGA Gregory might be due to insufficient survival rates of the strain in the soil. 
Various factors can have influenced the survival of A. brasilense Sp245 in rhizospheres of wheat 
cultivar EGA Gregory, grown in the mesocosm experiment (section 4.5), such as soil type. Free-
living N-fixing bacteria showed higher survival rates in soils undergoing a biocidal treatment in 
soils with higher clay contents than in sandy soils (Gupta & Roper, 2010). This indicates that 
protection of bacterial inocula against harsh environmental conditions depends on the soil matrix. 
The soil used in the pot trials consisted of 50% (v/v) of coarse sand. Therefore, it is possible that 
the sand decreased the ability of the diazotrophs to survive in the soil matrix under unfavourable 
conditions. 
A clear wheat growth promotion has been proven in numerous cases, in over 20 years of research. 
However, the success of inoculation treatments was not consistent when using the same 
inoculation method, but altering other factors such as soil type or plant genotype. This may be due 
to poor initial colonisation of the wheat root by the inoculum strain, or its limited survival in the 
rhizosphere (Harris et al., 1989, Okon & Labanderagonzalez, 1994, Hungria et al., 2010). 
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Furthermore, it is important to consider the genetic background of the strains used, and the strain 
x host plant combination. The performance of A. brasilense Sp245 can also depend on the ability 
of the strain to grow endophytically within wheat roots. A possible explanation for the failure of 
A. brasilense Sp245 to promote plant growth of EGA Gregory might be the lack of compatibility 
between host plant and inoculum. One major concern is, whether an adequate survival of the strain 
in the rhizosphere soil was given. Decreased survival rates might be explainable by an unsuitable 
soil matrix such as sand. Furthermore, survival might also have been limited by low temperatures. 
The optimum temperature for A. brasilense Sp245 for auxin production has been found to be 
between 20 and 38 degrees. These temperatures are unlikely to be maintained at all times in a 
greenhouse experiment conducted between the month of May and August in Camden, NSW, 
Australia (Ona et al. 2005). 
Strains of A. brasilense can use a wide range of sulfur sources, including methionine, arylsulfate 
esters, alkane sulfonates, arylsulfonates and other S-sources for their growth. The wide range of 
usable S-sources suggests that A. brasilense is well adapted to conditions where sulfate is limited 
and the main sulfur pool consists of sulfate esters, sulfonates, or other compounds (section 4.7.). 
The purpose of this experiment was to evaluate, whether the used PGPR inoculant strains do also 
have the potential to contribute to plant S nutrition, beyond their ability to promote plant growth 
by fixing N2 or by the synthesis of plant-growth promoting hormones (chapter 1, section 1.3. and 
section 1.5.2.). After a long lag phase (see figure 4.3.A)-C)), all A. brasilense strains were growing 
on the range of S sources. The long lag phase combined with the uneven course of the growth 
curves (as for instance A. brasilense Sp7 on toluene sulfonate, see figure 4.3.A)) can be interpreted 
as transition phase, following the pre-cultivation of A. brasilense on nutrient broth, followed by 
MM-medium with no added sulfur source to MM-medium with 200 µM sulfur as toluensulfonate 
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as sole sulfur source (see chapter 1, section 2.4.2.). A similar transition phase has been previously 
described for P. putida S-313 when being transferred from one S source to another (Beil et al., 
1996). Whether the sulfur-mobilising abilities of A. brasilense can directly contribute to plant 
sulfur nutrition needs to be further investigated.  
So far, the direct link between the function of bacterial genes responsible for enzymatic S-
solubilisation and plant growth promotion through an increased S status due to microbial S still 
needs to be elucidated. However, one example for direct contribution of a gene for sulfonate 
mobilisation to plant nutrition and thus, plant growth, has been proven: A mutant strain of P. putida 
S-313, deficient in the ssuE-gene (required for aryl- or alkylsulfonate desulfurisation (Kahnert et 
al., 2000)) was, in contrast to the wild type, not able to promote the growth of tomato. The 
involvement of microbial S solubilisation in plant growth promotion was clearly demonstrated in 
this example (Kertesz & Mirleau, 2004). The ability of bacteria to mobilise otherwise scarcely-
available nutrients is essential for their survival in nutrient-limited environments such as soils. 
Plants can benefit from bacterial S solubilisation, although it is unclear whether solubilised S 
becomes directly plant available or first enters the soil sulfate pool (Kertesz & Mirleau, 2004). To 
ensure a successful broader agronomic application of inoculation with PGPR, various plant 
genotypes and different environmental conditions must be examined, since findings for one variety 
and certain environmental conditions cannot be generalised. The use of a multi-strain inoculum 
can be another option since it might allow some strains of the mixture to perform well with a range 
of plant species and varieties under various environmental conditions (Adesemoye et al., 2008, 
Seneviratne et al., 2008). A major drawback is that effects of each constituent on the target plant 
and on each other cannot be distinguished.  
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Chapter 5 
Effects of wheat variety and inoculation treatments with Azospirillum sp. 
on 16S rRNA and alkanesulfonate monooxygenase diversity in 
rhizospheres under field and controlled conditions 
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5.1. Introduction 
Plant-available nutrients are crucial for plant growth, health and development. In natural 
ecosystems, microbes living in the rhizosphere mobilise otherwise scarcely plant-available 
nutrients. In the rhizosphere, microbial diversity is a key factor determining nutrient cycling and 
plant health (Marschner & Rengel, 2003, Williams, et al., 2014). Changes in microbial diversity 
are often linked to an alteration of ecosystem processes. Functional traits contained in the microbial 
community are the real cause of changes in rates of those ecosystem processes (Paula, et al., 2014). 
While overall microbial diversity is commonly measured by targeting the 16S rRNA gene, 
assessing the functional diversity can be helpful to make predictions about more specialised groups 
of microbes which play an important role for rhizosphere-nutrient acquisition (van der Heijden, et 
al., 2008). Functional genes of soil microbes include genes involved in nitrogen fixation, such as 
nitrogenase (Pereira e Silva, et al., 2011), genes responsible for solubilisation of phosphorus, 
including alkaline phosphatase or phytases (George, et al., 2007, Tan, et al., 2013), or genes 
involved in cycling of organic sulfur such as alkane sulfonate-monooxygenase (ssuD) or 
arylsulfatase (atsA) (Kertesz, et al., 2007). The abundance and expression of microbial functional 
genes can play a crucial role for plant nutrition under nutrient-limited conditions. Certain 
agricultural management practices, such as fertiliser management, crop rotations and the choice of 
an adapted plant-genotype, can cause changes in overall microbial diversity (Berg, et al., 2002, 
Marschner, et al., 2003, Tan, et al., 2003, Fischer, et al., 2014, Maul, et al., 2014). Root structure 
is determined by plant genetic traits. Those traits have been investigated in detail regarding plant 
drought-resistance (Comas, et al., 2013). The impact of the root system on nutrient use efficiency 
shows that a larger root system is generally associated with a higher nutrient and water uptake 
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capacity, even if the production of more biomass below ground requires the plant to invest large 
amounts of C (Gahoonia & Nielsen, 2004).  
Rhizosphere microbes solubilise otherwise plant-unavailable nutrients in the rhizosphere, and 
there is evidence that not only different plant species (Marschner, et al., 2001), but also different 
plant genotypes have an impact on the microbial diversity in their rhizosphere (Grayston, et al., 
1998, Marques, et al., 2014). The question is whether plant-genotype specific roots traits and 
exudate composition influence overall microbial diversity and functional diversity in the plant-
rhizosphere (Bais, et al., 2006, Berg, et al., 2014).  
In plant tissue S and N pathways are tightly related and a balanced N and S uptake is crucial for 
yield and quality of cereals and oil-seeds (Nad, et al., 2001, Ingenbleek, 2006). In soils carbon, 
nitrogen, sulfur and phosphorus cycles are strongly correlated, and plant strategies for N and S 
acquisition show similar traits (McGill & Cole, 1981, Legay, et al., 2014). In summary S and N 
are in a close relationship in plant metabolic pathways and in soil N- and S-cycling. Therefore the 
question remains as to how the amount of plant-available nitrogen, whether supplied as fertiliser 
or through nitrogen-fixing microorganisms, affects microbial S-cycling in the soil.  
Nitrogen fixing PGPR, such as A. brasilense, are used as inoculum for agricultural crops. However, 
plant yield responses differ greatly. Various studies have investigated whether an inoculum can 
affect rhizosphere microbial communities of the host plant, so far with diverging findings 
(Scherwinski, et al., 2007, Trabelsi & Mhamdi, 2013).  
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The performance of microbial inoculants, resulting in increased yields, depends on factors like the 
choice of inoculum, the application method and time-point, environmental conditions, host-
compatibility, and the native population of the rhizosphere as well as the method used to 
investigate changes in microbial diversity (Correa, et al., 2007, Scherwinski, et al., 2007, Pedraza, 
et al., 2009).  
To measure anthropogenic impact on soil microbial communities in agricultural systems it must 
be considered that the agro-ecosystem is affected by various environmental factors. Furthermore 
rhizosphere-plant interactions are largely determined by host-specific plant-microbe interactions.  
Information about the influence of plant variety on overall and functional microbial diversity can 
help to make predictions about beneficial plant-genotype x environment interactions. This 
information can be used to increase nutrient use efficiency through the choice of adapted plant 
genotypes or plant-breeding approaches. Little is known about how changes in overall diversity 
relate to changes in the functional microbial diversity of genes involved in nutrient cycling 
(Torsvik & Ovreas, 2002, Pan, et al., 2014). The aim of this study was to find out whether wheat 
variety or inoculation have an impact on 16S rRNA and ssuD gene diversity under field and under 
controlled conditions. For the analysis, the two different molecular fingerprinting methods DGGE 
and T-RFLP, were used. 
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5.2. Experimental design 
Rhizosphere samples for this study were taken from wheat rhizospheres of a field trial that 
investigated the effects of inoculation of different strains of A.brasilense on yield and nitrogen 
content of 5 wheat genotypes (see below). In this study the impact of wheat variety and microbial 
inoculation treatments on rhizosphere microbial 16S rRNA and ssuD gene diversity was measured. 
In addition, two separate pot trials were set up in order to investigate either a) the effects of wheat 
variety or b) inoculation on 16S rRNA and ssuD gene diversity. The pot trial was conducted in a 
completely randomised design under greenhouse conditions.  
In the field trial, the effect of inoculation with Azospirillum brasilense Sp7, Sp7-S and Sp245 and 
an un-inoculated control on growth and yield of the five pre-selected wheat varieties EGA 
Gregory, CBRD/KAUZ//KASO2, CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO, 
SOKOLL and KRICHAUFF was measured.  
The experimental field was located at the I. A. Watson Wheat Research Centre at Narrabri at NSW, 
Australia (30 19’0”S, 149 46’0”E). The field trial was conducted by Dr Rosalind Deaker and 
Kazi Rashid. The trial included two factors at five (wheat variety) and four (inoculation-treatment) 
levels and was designed in randomised design for the wheat variety treatment and in randomised 
block design for the inoculation treatment, in 4 replicates. The bacterial inoculum was applied as 
a water-peat solution containing 108 cfu per ml during sowing. As a negative control a water-peat 
suspension, containing no bacterial inoculum was used. The sowing date was the 15.05.2010. A 
scheme of the field plan is shown in figure 5.1 a).  
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Figure 5.1.A): Field plan of the trial “YTWNK 2010” 
The trial was conducted in randomised bock design for the wheat varieties. The inoculation treatments are 
represented in colours (see legend Inoculation) and the wheat varieties are shown as numbers  
 
The results shown in this chapter were obtained exclusively from wheat rhizosphere samples of 
this trial (2010) sampled at day 134 after sowing (grain filling). For rhizosphere sampling, wheat 
roots were loosened in the field soil with a spade, and whole wheat plants were pulled out of the 
loose soil. After pulling the plants out of the soil, excess soil attached to the roots was shaken off, 
so that only the soil adherent to the root was obtained. 
In order to investigate the effects of wheat cultivar on microbial 16S rRNA and ssuD gene diversity 
independently, the first mesocosm pot trial was set up. In the first mesocosm trial, each wheat 
cultivar was grown until grain filling (18 weeks) in 3 fold replication. The mesocosms were filled 
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with a 1:1 (v/v) mixture of the agricultural vertisol from Narrabri (the same soil as used in the field 
experiment) and coarse sand. 
The sampling time point of “grain filling” was chosen due to an enhanced wheat sulfur requirement 
in this period.  
Chapter 2 (Materials and methods) contains detailed descriptions of field conditions and soil 
properties, sampling of rhizosphere soils, construction of the mesocosms and the setting up of the 
mesocosm-pot trial as well as plant and root harvest, DNA extraction and all PCR-based 
downstream applications, including DGGE and T-RFLP 
Rhizosphere soils used for DNA extraction were defined as soil adherent to the root system, 
including fine roots. 
A summarising flow chart explains the parallel field and pot trials, including measured parameters 
in figure 5.1 B). 
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Figure 5.1.B): Field and Mesocosm trial overview 
 The field trial (green) investigated the effect of 5 wheat cultivars and 4 inoculation treatments on 16S 
rRNA and ssuD gene diversity in the rhizosphere of the 5 cultivars. The fingerprinting methods DGGE and 
T-RFLP were employed. The Mesocosm trial I (red) measured root structure among the 5 cultivars (total 
root length, plant and root dry weight (DW)) and assessed 16S rRNA and ssuD gene diversity (using T-
RFLP) in 3 root zones of each genotype. The Mesocosm trial II (yellow) investigated the effect of 
inoculation (A. brasilense Sp245) on plant growth, root structure, 16S rRNA and ssuD gene diversity versus 
an uninoculated control plant using wheat cultivar EGA Gregory. All rhizosphere soils and plants were 
harvested at grain filling (Day 134 after sowing in the field trial and 18 weeks after sowing in the mesocosm 
trial). 
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5.3. Variety-dependent differences in plant and root growth and root structure at 6 
and 18 weeks 
Based on a DArT (Diversity Arrays Technology) analysis of 1744 loci, five wheat genotypes 
were selected for genetic diversity. The DArT analysis was kindly provided by Prof Richard 
Threthowan, University of Sydney (figure 5.2).
 
Figure 5.2: DArT analysis of 1744 loci (Prof Richard Thretowan) of the 5 wheat varieties EGA 
Gregory, CBRD/KAUZ//KASO2, CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO, 
SOKOLL and KRICHAUFF 
The wheat plants were grown in mesocosms. The root scans of each genotype display differences in root 
growth and structure at 6 weeks after sowing. 
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To assess whether the five wheat cultivars used in the field trial show different traits for nutrient 
acquisition (including root growth and root-structure), shoots and roots of three replicates of each 
genotype were harvested after 6 weeks and 18 weeks at grain filling. The parameters shoot and 
root dry weight, total root length and total surface area, as well as different root fractions at 
different root diameter were assessed. At 6 weeks of growth the whole root system was scanned, 
whereas after 18 weeks each plant`s root system required being cut into a maximum of 8 pieces 
for scanning. Rhizosphere DNA samples were taken from the crown root, the lateral roots (located 
30 cm under the soil surface) and from the root tips at the bottom of the mesocosm pot, in order to 
compare the plant genotype-effect on rhizosphere microbial 16S rRNA gene and ssuD diversity 
under controlled conditions.  
 
Figure 5.3: Whole root system of EGA Gregory in 
mesocosm 18 weeks after sowing  
(PVC-pipe, 30 cm diameter, 70 cm height) 
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5.3.1. Root growth and morphology after 6 weeks 
After 6 weeks of growth, significant variety effects on total root length were observed (ANOSIM 
p<0.0012). Pairwise comparison of means using Tukey`s HSD showed that total root length of 
the variety SOKOLL was significantly higher than of the varieties CBRD/KAUZ//KASO2 
(p=0.0008), CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO (p=0.01), KRICHAUFF 
(p=0.004) (see figure 5.4 (A)). The total root surface area of the varieties EGA Gregory and 
SOKOLL was significantly greater than the total root surface of the variety 
CBRD/KAUZ//KASO2 (p=0.022 and p=0.04) - see figure 5.4 (B). Root dry weight at 6 weeks 
after sowing was significantly different between the varieties SOKOLL and the varieties CBRD 
/KAUZ/KASO2 (p=0.0008), KRICHAUFF (p=0.004), and CROC_1/AE.SQUARROSA (205)/ 
/KAUZ/3/2*METSO (p=0.01) - see figure 5.4 (C). 
 
Figure 5.4: Total root length in cm (A), surface area in cm2 (B) measured by WinRHIZO Reg 2007d 
software and root dry weight (C) of the wheat varieties EGA Gregory, CBRD/KAUZ//KASO2, 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO, SOKOLL and KRICHAUFF after 6 weeks 
of growth 
The number of root tips and forks did not show significant variances between the five genotypes. 
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5.3.2. Root growth and morphology after 18 weeks 
After 18 weeks a strong trend (ANOSIM p=0.0714) in differences in root dry weight could be 
observed between the five wheat varieties. Total root length and total surface area (figure 5.5) were 
not significantly influenced by wheat cultivar. 
 
 
Figure 5.5: Total root length in cm (A), surface area in cm2 (B) measured by WinRHIZO Reg 2007d 
software and root dry weight (C) of the wheat varieties CBRD/KAUZ//KASO2 (black), 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO (red), EGA Gregory (green), KRICHAUFF 
(dark blue) and SOKOLL (light blue) after 18 weeks of growth 
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The shoot dry weight of CBRD/KAUZ//KASO2 differed significantly from 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO (p=0.03) and EGA Gregory (p=0.014) 
using Tukey`s HSD. 
 
 
 
Figure 5.6: Shoot dry weight (g) of the wheat varieties EGA Gregory, CBRD/KAUZ//KASO2, 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO, SOKOLL and KRICHAUFF after 18 weeks 
of growth  
 The findings described in this section show that after six weeks, wheat genotypes displayed 
significant differences in root length, root surface and root dry weight. However, morphological 
differences, such as the number of root tips or forks, or a differing proportion of root fractions at 
different diameters, could not be detected. It can be concluded that differences between the five 
wheat genotypes after 6 weeks of growth were most likely due to general differences in root growth 
than root morphology.  
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After 18 weeks, dry weight of the five wheat cultivars only differed slightly (p<0.1), whereas no 
differences could be found for the parameters root length and surface area, or number of root tips 
or forks. It must be pointed out that a high biological variation between the replicates of each 
treatment (or wheat cultivar) caused a high standard deviation in the mesocosm experiment and 
thus a higher number of replicates would have been appropriate.  
 
 
5.4. Wheat variety effect on overall microbial and sulfonate-mobilising gene 
diversity in rhizospheres 
5.4.1. Differing findings for wheat genotype effect on rhizosphere 16S rRNA gene 
diversity in the field 
16S rRNA gene diversity in the rhizospheres of five wheat varieties subjected to different 
inoculation treatments was assessed comparing the two molecular fingerprinting methods DGGE 
and T-RFLP. The tested wheat varieties comprised EGA Gregory, CBRD/KAUZ//KASO2, 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO, KICHAUFF and SOKOLL, and the 
inoculation treatments included A. brasilense Sp7, Sp7-S, Sp245 and a negative control.  
Each treatment was tested in four replications. Rhizosphere samples were taken at grain filling 
(134 days after sowing). 
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While the results obtained with DGGE showed significant effects of wheat variety on 16S rRNA 
gene microbial diversity in the rhizosphere (figure 5.7), these findings were not confirmed using 
T-RFLP analysis (section 5.4.1.2). 
 
5.4.1.1. Wheat genotype effect on rhizosphere 16S rRNA gene diversity in the field 
measured by DGGE  
Wheat variety significantly impacted 16S rRNA gene diversity as shown in the RDA analysis of 
the DGGE gel (figure 5.7). The wheat genotypes CBRD/KAUZ//KASO2 and EGA Gregory 
showed very similar 16S rRNA gene diversity of their rhizospheres, while the overall microbial 
diversity in the rhizospheres of the variety SOKOLL differed significantly from the diversity found 
for all other wheat genotypes. 
The pairwise comparison using Tukey`s HSD of the scores of axis one of the RDA model 
(explaining 39.95% of the variability) revealed significant differences between the wheat 
genotypes represented in table 5.1. 
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Figure 5.7: Overall microbial diversity in the rhizosphere of 5 non-inoculated different wheat genotypes grown under field conditions 
Left: DGGE - gel of the PCR product obtained with the primer pair 341f* and 518r (Muyzer, et al., 1993) Right: RDA-graph of the response of the 
microbial rhizosphere community assessed by DGGE to different wheat varieties at day 134 after sowing. The ANOVA-like permutation test for 
the RDA model was significant (p<0.005) with 2 significant RDA axis (p<0.001). The proportion of the variability explained by the RDA model is 
39.35% for RDA1 and 33.36% for RDA 2. Distance matrix: Bray-Curtis  
    EGA Gregory,   CBRD/KAUZ//KASO2,    CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO,    KRICHAUFF,     SOKOLL   
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Table: 5.1: Significant differences in rhizosphere 16S rRNA diversity of 5 wheat genotypes grown in 
the field assessed with DGGE 
 
Tukey`s HSD of the ANOVA (p<0.05) of treatment-related variances of RDA scores from the first axis of 
the RDA model (see figure 5.7) for 16S rRNA gene diversity in the rhizosphere of 5 different wheat 
genotypes grown in the field. The overall microbial community in the rhizospheres of wheat genotypes 
which are significantly different from each other (p<0.05) are marked pink. 
 
 
 
 
 
CROC_1/AE.SQUARROSA (205)/ / 
KAUZ/3/2*METSO 0.16 
EGA Gregory 0.95 0.45 
KRICHAUFF 0.000001 0.00002 0.000001 
SOKOLL 0.00012 0.011 0.00043 0.02 
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5.4.1.2. Wheat variety shows no effect on rhizosphere 16S rRNA gene diversity in 
the field measured by T-RFLP  
In comparison to the DGGE results shown above, no significant effect of wheat variety on 16S 
rRNA gene microbial diversity (assessed on 16S rRNA gene diversity in the rhizospheres of the 
five wheat genotypes undergoing the uninoculated control treatment) could be found when the 
analysis was performed with T-RFLP. The NMDS analysis showed no significant treatment effect 
(ANOSIM p=0.23, NMDS stress=0.0932).  
 
Figure 5.8: Overall microbial diversity in the rhizosphere of 5 different wheat genotypes grown under 
field conditions. The NMDS analysis of 16S rRNA diversity in the rhizosphere of five different wheat 
genotypes (see legend below) undergoing no inoculation treatment revealed no significant genotype-related 
differences (ANOSIM p=0.23, NMDS stress=0.0932). 
   EGA Gregory,    CBRD/KAUZ//KASO2,    CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO, 
    KRICHAUFF,    SOKOLL   
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5.4.2. Different wheat cultivars grown in mesocosms show no differences in 
rhizosphere16S rRNA gene diversity assessed by T-RFLP 
The objective of this trial was to investigate whether the results obtained from the 5 wheat varieties 
in the field experiment were replicable under controlled conditions. The effect of wheat variety on 
rhizosphere microbial 16S rRNA gene diversity was investigated. Three replicates of each wheat 
cultivar were grown in mesocosms and rhizosphere samples were taken after 18 weeks (at the 
vegetation stage of grain filling). No significant differences in rhizosphere 16S rRNA gene 
diversity could be detected in any of the five wheat genotypes when analysed using NMDS 
(ANOSIM p=0.59 NMDS stress=0.25). 
Figure 5.9: Overall microbial diversity 
in the rhizosphere of 5 different wheat 
genotypes grown in mesocosms at 
grain filling 
The NMDS analysis of 16S rRNA 
diversity in the rhizosphere of five 
different wheat genotypes (see legend 
below) undergoing no inoculation 
treatment revealed no significant 
genotype-related differences (ANOSIM 
p=0.59, NMDS stress=0.25). 
. 
   EGA Gregory,    CBRD/KAUZ//KASO2,    CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO, 
    KRICHAUFF,    SOKOLL   
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5.4.3. Alkanesulfonate monooxygenase diversity in wheat rhizospheres is 
significantly affected by wheat variety under field conditions measured by T-RFLP 
The findings in 5.4.1. describe the effect of wheat variety on 16S rRNA gene diversity using 
DGGE and T-RFLP. The objective of this experiment was to evaluate whether wheat variety does 
also have an impact on the functional microbial diversity involved in sulfonate mobilisation in the 
soil, in this case the alkanesulfonate monooxygenase gene (ssuD). In contrast to the findings on 
16S rRNA gene level, wheat variety had a significant effect on ssuD diversity as shown in the 
constrained analysis using CAP (figure 5.10). Tukey`s HSD of the pairwise comparison of the 
means of the ssuD diversity-CAP scores are represented in table 5.2. 
 
Figure 5.10: Microbial 
ssuD gene diversity 
measured by T-RFLP to 
different wheat varieties at 
grain filling (day 134 after 
sowing) 
The ANOVA-like 
permutation test for the CAP 
model showed significance 
(p<0.005). Distance matrix: 
Bray-Curtis 
   EGA Gregory,    CBRD/KAUZ//KASO2,    CROC_1/AE.SQUARROSA(205)//KAUZ/3/2*METSO, 
    KRICHAUFF,    SOKOLL   
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Table 5.2: Significant differences in rhizosphere ssuD gene diversity of 5 wheat genotypes grown in 
the field assessed with T-RFLP 
Tukey`s HSD of the ANOVA (p<0.05) of treatment-related variances of CAP scores from the first axis of 
the CAP model (see figure 5.10) for ssuD gene diversity in the rhizosphere of 5 different wheat genotypes 
grown in the field. The overall microbial community in the rhizospheres of wheat genotypes which are 
significantly different from each other (p<0.05) are marked green 
 
 
 
 
 
 
 
CROC_1/AE.SQUARROSA (205)/ / 
KAUZ/3/2*METSO 
0.82 
EGA Gregory <0.0001 <0.0001 
KRICHAUFF 0.9 0.32 0.000001 
SOKOLL <0.0001 <0.0001 0.79 <0.0001 
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5.4.4. Alkanesulfonate monooxygenase diversity in wheat rhizospheres is affected 
by wheat variety under controlled conditions measured by T-RFLP (Mesocosm) 
In order to investigate the effect of wheat variety on rhizosphere ssuD diversity under controlled 
conditions and to compare the results for wheat genotype effect on overall microbial diversity (as 
shown in section 5.4.2) with the effect of wheat genotype on ssuD gene diversity, five wheat 
varieties were grown in mesocosms for 8 weeks as previously described, and ssuD gene diversity 
in the rhizosphere was assessed using T-RFLP. ssuD gene diversity differed significantly among 
the five wheat cultivars, as a CAP analysis revealed (figure 5.11).  
 
Figure 5.11: Response of the microbial ssuD gene diversity measured by T-RFLP to different wheat 
varieties grown in a mesocosm 18 weeks after sowing 
The ANOVA-like permutation test for the CAP model showed significance (p<0.005). Since only the first 
axis of the CAP model was significant the results are presented as a bar plot. Proportion explained by CAP 
1: 29.94%.Distance matrix: Euclidean. Wheat varieties: CBRD/KAUZ//KASO2 (black), 
CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO (red), EGA Gregory (green), KICHAUFF (blue) 
and SOKOLL (turquoise)  
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Tukey`s HSD of the pairwise comparison of the means of the ssuD diversity-CAP scores are 
represented in table 5.3. 
 
Table 5.3: Significant differences in rhizosphere ssuD gene diversity of 5 wheat genotypes grown in 
the mesocosm assessed with T-RFLP 
 
 
Tukey`s pairwise comparison of ANOVA (p<0.05) of CAP scores for ssuD gene diversity in the 
rhizosphere of 5 different wheat genotypes grown in the mesocosm (see figure 5.11). The ssuD gene 
diversity in the rhizospheres of wheat genotypes which are significantly different from each other (p<0.05) 
are marked blue.  
 
 
 
 
 
CROC_1/AE.SQUARROSA (205)/ / 
KAUZ/3/2*METSO 0.99 
EGA Gregory 0.0082 0.0093 
KRICHAUFF 0.0015 0.0017 0.97 
SOKOLL 0.99 <0.0001 <0.0001 <0.0001 
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5.5. Effect of root zone on 16S rRNA and ssuD gene diversity in different wheat 
cultivars grown in mesocosms 
Rhizospheres of whole root of wheat plants grown in a mesocosm were sampled after 18 weeks of 
plant growth, with the aim of comparing rhizosphere microbial communities along the root. 
Samples were taken from crown root, lateral roots (ca. between 25 and 50 cm below the crown 
root) and young root tips (at the bottom of the mesocosm pot) and DNA from the rhizosphere 
samples was analysed by T-RFLP.  
Neither 16S rRNA gene (ANOSIM significance p=0.179), nor ssuD gene diversity (ANOSIM 
significance p=0.15) was significantly affected by root zone, in none of the cultivars when the 
NMDS analysis was performed using samples from 3 root zones from all of the cultivars. However, 
analysis of the 3 replicates in each single cultivar showed different results for 16S gene diversity 
(figure 5.12.A)) and ssuD gene diversity (figure 5.12.B)). In case of the 16S rRNA gene, only 
genotype CROC_1/AE.SQUARROSA(205) showed a trend towards significance (ANOSIM 
significance p=0.104) while the other genotypes revealed ANOSIM p-values bigger than 0.3. 
While the data was insufficient for the genotypes KRICHAUFF and SOKOLL, and root zone 
related differences were non-significant for the genotype CBRD/KAUZ//KASO2 (ANOSIM 
significance p=0.523), root zone had a significant influence on ssuD gene diversity for the genotypes 
EGA Gregory (ANOSIM significance p=0.021) and an almost significant effect (ANOSIM 
significance p=0.055) for the cultivar CROC_1/AE.SQUARROSA(205). 
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Figure 5.12.A): 16S gene diversity measured by T-RFLP affected by different root zones 
The NMDS analysis shows trend (ANOSIM significance p=0.104) of root zone on 16S rRNA gene diversity 
in the rhizosphere of cultivar CROC_1/AE.SQUARROSA(205).   
Root zones     crown root,     lateral root and     root tips. Distance matrix: Bray-Curtis 
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Figure 5.12.B): Microbial ssuD gene diversity measured by T-RFLP affected by different root zones  
The NMDS analysis shows a significant effect of root zone on ssuD gene diversity in the rhizospheres of 
following wheat varieties: EGA Gregory significance (p<0.021) (right) and 
CROC_1/AE.SQUARROSA(205) significance (p<0.055) (left).  
Root zones     crown root,     lateral root and     root tips. Distance matrix: Bray-Curtis 
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5.6. Effects of inoculation treatments with Azospirillum brasilense under field and 
controlled conditions 
To gain information about the ability of bacterial inoculants to alter the rhizosphere microbial 
community on 16S rRNA gene level and on ssuD gene level, rhizosphere samples from the five 
wheat genotypes that had been subjected to inoculation with A. brasilense Sp7, Sp7-S and Sp245 
were analysed. For analysis of the 16S rRNA gene the two fingerprinting methods DGGE and T-
RFLP were compared (section 5.6.1.1 and 5.6.1.2). Rhizosphere samples from the field trial and 
from the second mesocosm trial (Investigating the effect of inoculation of EGA Gregory with A. 
brasilense Sp245 as described in chapter 4, section 4.5) were investigated to test the effect of 
inoculation of the wheat variety EGA Gregory with A. brasilense Sp245 on 16S rRNA and ssuD 
gene diversity versus an un-inoculated control treatment.  
 
5.6.1.1. Inoculation with A. brasilense affects 16S rRNA gene diversity assessed 
with DGGE in wheat rhizospheres  
DGGE analysis of wheat rhizosphere microbial 16S rRNA gene diversity revealed significant 
differences in community structure between the different inoculation treatments. As shown in 
figure 5.13, a clear separation occurs between the un-inoculated control and the inoculation with 
A. brasilense Sp245 (along RDA axis 1), the control treatment and inoculation with A. brasilense 
Sp7 (along RDA axis 2) and between the treatments SP7 and Sp245 (along RDA axis 1). 
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Figure 5.13: 16S rRNA gene diversity of wheat treated with different inoculation treatments 
Left: DGGE - gel of the PCR product obtained with the primer pair 341f and 518r (Muyzer, et al., 1993) from rhizosphere DNA from the wheat 
variety EGA Gregory undergoing 4 inoculation treatments in a field experiment, including A. brasilense Sp7, Sp7-S, Sp245 and an un-inoculated 
control (C).  Right: RDA-graph of the response of the microbial rhizosphere community assessed by DGGE to different inoculation treatments at 
day 134 after sowing. The ANOVA-like permutation test for the RDA model was significant (p<0.005) with 2 significant RDA axis (p<0.001). The 
proportion explained by RDA 1 is 42.87% and for RDA 2 is 33.65%. Distance matrix: Bray-Curtis 
      A. brasilense Sp245,        A. brasilense Sp7,      A. brasilense Sp7-S,      Negative control
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 5.6.1.2. Effect of inoculation with Azospirillum on 16S rRNA gene and ssuD gene 
diversity assessed by T-RFLP under field and under controlled conditions 
16S rRNA and ssuD gene diversity in the rhizospheres of wheat, treated with different inoculations 
were assessed with T-RFLP for significant, treatment-related changes in 16S rRNA gene diversity, 
as found in the DGGE analyses (section 5.6.1.1). The five wheat genotypes treated with A. 
brasilense Sp7, Sp7-S, Sp245 and the inoculated control were included in the analysis. In contrast 
to the findings described for DGGE (5.6.1.1), no significant effect of inoculation on 16S rRNA 
gene diversity in the rhizospheres of any of the wheat genotypes could be found, neither in the 
field trial, nor under controlled conditions (mesocosm) when analysed with T-RFLP (stress of the 
NMDS=0.23, ANOSIM significance p=0.8).  
The findings about the effect of inoculation on diversity of the ssuD gene were similar, with no 
significant treatment effect on ssuD gene diversity in the rhizospheres of the five inoculated wheat 
genotypes (stress of the NMDS=0.3214, ANOSIM significance p=0.802). 
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5.7. Discussion/ Outlook 
Significant differences in root length, surface, dry weight and root crossings were detected in the 
5 wheat varieties after 6 weeks of growth (5.3.1.). However, the observed effects were not 
detectable after 18 weeks, although the varieties showed significant differences in shoot dry weight 
and a trend in root dry weight (5.3.2.). It can be summarised that in-vivo methods to measure root 
length, surface area, and overall structure have their disadvantages being time-consuming, prone 
to errors and limited in their reliability (Richner, et al., 2000, Gahoonia & Nielsen, 2004). Only a 
trend towards significance of the effect of the root zone (crown root, lateral roots and root tips) on 
overall microbial diversity could be detected for one wheat cultivar (figure 5.12 (A)). The effect 
of root zone on ssuD gene diversity was more pronounced (figure 5.12 (B)). Similar findings have 
been reported for rhizosphere communities in barley in which DGGE fingerprints of microbial 
communities were altered by plant root zone and plant iron status, although DGGE profiles of the 
different root zones also showed to have a high proportion of bands in common (Yang and 
Crowley, 2000). However, the comparison of different plant species growing in different soil types 
revealed that the effect of root zone on microbial communities can be observed as prevalent effect 
in some plants, as for example in canola and Sudan grass, whereas other plants, such as chickpea, 
seem to be dominantly influenced by soil type and not by root zone (Marschner et al., 2001). In 
context with the results of this study it can be suggested, that the dominance of the factors soil-
type and root zone could also be plant genotype specific. On the other hand the lack of a root zone 
effect found in the T-RFLP analysis for the 16S rRNA gene can possibly be explained by a high 
amount of common species in all root zones. 
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The two molecular fingerprinting methods DGGE and T-RFLP gave different results when the 
effect of wheat cultivar on rhizosphere 16S rRNA gene diversity was analysed. DGGE analysis 
showed that 16S rRNA gene diversity was significantly different in rhizospheres of all wheat 
varieties except between the two varieties CBRD/KAUZ//KASO2 and EGA Gregory (section 
5.4.1.1., figure 5.10). However, no significant differences between the rhizosphere microbial 16S 
rRNA gene communities of the five wheat genotypes were found using T-RFLP, neither under 
field nor under controlled conditions (5.4.1.2 and 5.4.2).  
Since an automated DGGE gel analysis (chapter 2) was performed, the differential results can be 
explained by the different methodology rather than by subjective biases in interpreting the DGGE 
bands. Differences between the two methods are (i) PCR-amplification of different variable 
regions and lengths of the 16S rRNA gene, (ii) fingerprinting approaches either target differences 
in GC-content as for DGGE or different restriction sites for the digestion enzymes, as for T-RFLP 
(Muyzer, et al., 1993, Thies, 2007). The comparison of the fingerprinting approaches DGGE and 
T-RFLP and single strand conformation polymorphism (SSCP) showed similar results when 
investigating soil 16S rRNA gene diversity of a range of soils, confirming that these commonly 
applied techniques are interchangeable (Smalla, et al., 2007). However, T-RFLP analyses has in 
some cases shown a higher resolution than DGGE (Horz, et al., 2001, Nunan, et al., 2005), or in 
other cases, similar results were obtained (Moeseneder, et al., 1999, Smalla, et al., 2007). When 
investigating the effect of different agricultural measures (straw and peat amendment and 
comparison of tillage and non -tillage regimes) on denitrifying communities in agricultural soils, 
DGGE showed a better discrimination of treatment effects than T-RFLP (Enwall & Hallin, 2009). 
Regarding the results of this study it appears that DGGE offers a higher discrimination when it 
comes to target 16S rRNA gene specific reactions of the rhizosphere to genotype or even to the 
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changes attributed to an inoculation treatment. One possible explanation is that the primer pair 
used for 16S rRNA gene T-RFLP, which was originally developed for pyrosequencing (Winsley 
et al., 2012), amplified a sequence which had a conserved HhaI side. A conserved HhaI side in 
the 16S gene fragment amplified by the Winsley primer pair would cause the T-RFLP fragments 
to be of similar size, and therefore wouldn’t discriminate between the different species, whereas 
DGGE uses the individual GC-content and thus the melting temperature of the whole amplified 
16S rRNA gene fragment gives an individual band. This assumption is strengthened by the fact 
that another project, which was also investigating wheat genotype and wheat plant development 
status related changes in wheat rhizospheres (using 25 cultivars), was also unable to discriminate 
between the treatment-related changes in overall bacterial communities using the same primer pair 
and restriction enzyme (Paola Corneo, pers.comm.). Treatment-related changes were found using 
the primer pair developed by Winsley when the restriction enzyme MspI was used instead of HhaI 
(Sabine Ragot, pers. comm), suggesting that the unsatisfying sensitivity of the T-RFLP approach 
was related to the choice of the restriction enzyme.  
In contrast to rhizosphere 16S rRNA gene diversity, ssuD gene diversity differed significantly 
between wheat varieties (figure 5.10 and figure 5.11) when analysed with T-RFLP. ssuD gene 
rhizosphere diversity was assessed at the vegetative state of grain filling (143 days under field 
conditions and 126 days under greenhouse conditions), both under field conditions and under 
controlled conditions (mesocosm). The tested wheat cultivars affected rhizosphere functional 
diversity of sulfonate-mobilisers, while overall microbial rhizosphere communities showed no 
response to cultivar, proposing that fingerprinting methods based on functional genes rather than 
on overall microbial diversity are required to detect fine-scale changes on a functional level with 
impact on nutrient solubilisation. Although the effect of different plant genotypes on overall 
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microbial diversity has been reported in many previous studies (Correa, et al., 2007, Whipps, et 
al., 2008, Marques, et al., 2014, Garcia de Salamone, et al., 2012), and plant species has been 
shown to affect C and N cycling in soils (Schweitzer, et al., 2011, Fischer, et al., 2014), the 
mechanisms involved in the association between plant genotypes and functional microbial 
diversity are still not understood in much detail. Plant cultivars seem to have specific rhizosphere 
microbial communities responsible for nutrient cycling. Therefore the selection of adapted 
cultivars offers one breeding approach to increase nutrient use efficiency through beneficial plant-
microbe interactions. Further steps leading to a practical application of the results of this study are 
a) identifying ssuD gene key organisms across a range of wheat genotypes and evaluating their 
potential to contribute to plant S status under S-limiting conditions and b) isolating and cultivating 
ssuD key organisms and testing their potential as plant inoculants under a range of environmental 
conditions.  
The DGGE analysis of the 16S rRNA gene microbial communities showed significant differences 
in rhizospheres of wheat cultivar EGA Gregory, subjected to an inoculation treatment with A. 
brasilense Sp7 and Sp245 when compared to the uninoculated control (figure 5.13). 
However, this effect could not be confirmed by T-RFLP analysis (section 5.6.1.2.).  
In some cases inoculation treatments have been shown to alter microbial communities associated 
with the plant. Furthermore it has been demonstrated that the effect of inoculation on microbial 
communities depends on the interaction between host plant and the microbial inoculum. A DGGE 
analysis investigating the effect of A. brasilense inoculation on 16S rRNA communities in the 
phyllosphere and rhizoplane in two tomato genotypes revealed that microbial communities in only 
one tomato cultivar displayed changes in community composition, when tested 60 days after 
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planting and inoculation (Correa, et al., 2007). In another study that investigated the effect of A. 
brasilense on microbial 16S rRNA communities in rice phyllospheres, no inoculum effect on 
microbial communities was found 120 days after sowing and inoculation, although yield and N 
grain content were positively influenced by inoculation (or urea application) (Pedraza, et al., 
2009). Similar findings were obtained in paddy rice cultivars, inoculated with A. brasilense and P. 
fluorescens. Cultivar-dependent changes in microbial 16S rRNA and diazotroph communities 
could be detected using T-RFLP analyses, whereas no inoculation-related changes were observed 
120 and 130 days after sowing and inoculation (Garcia de Salamone, et al., 2012). Although 
inocultion with Bacillus subtilis and A. brasilense Sp245 caused changes in root architecture in 
tomato plants grown in a pot trial, repeatedly no inoculation-effect on microbial communities was 
detected (Felici, et al., 2008).  
It can be summarised that the potential of inoculation with PGPR, such as A. brasilense, to alter 
rhizosphere microbial and ssuD gene communities depends on various environmental conditions, 
the native microbial populations and host plant specific factors. In addition, survival rates of A. 
brasilense (chapter 4), and other inoculants (Mirleau et al., 2005), have displayed linearly 
decreasing survival rates. This is problematic when considering a large-scale agronomical 
application with benefits for plant N status and growth, since decreased survival rates can severely 
decrease the efficiency of the PGPR application. Thus it is important to determine at different time 
points whether inoculants are able to survive in the rhizosphere and whether they alter rhizosphere 
microbial communities under varying environmental conditions. Furthermore the results can also 
depend on the sensitivity of the fingerprinting method used, as shown in this study. The T-RFLP 
method used to detect changes in ssuD gene diversity was able to detect genotype-related changes 
in rhizosphere communities, but showed no significant differences when investigating the effect 
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of inoculation on native ssuD gene rhizosphere communities. Therefore it can be assumed that 
possibly inoculation simply had no effect on ssuD gene diversity at the measured time point, 
neither in the field experiment, nor in the mesocosm. This can be explained by either an insufficient 
survival of the inoculum in the field soil/ mesocosm soil-sand mixture for reasons comprising lack 
of host-inoculum compatibility, unfavourable conditions for survival in the soil (Gupta & Roper, 
2010, Ona et al., 2005), or by the fact that even though a successful root colonisation might have 
occurred, the changes caused by the inoculum in functional ssuD gene diversity were not 
prominent enough to be detectable. 
Wheat genotype influenced microbial communities on an overall (although only measured by 
DGGE) and a functional ssuD gene level. For future research and plant breeding approaches, it 
can be of significant value to evaluate the ability of a plant genotype to use nutrients efficiently in 
combination with its recruited rhizosphere community in a particular soil. In an optimum scenario, 
a plant can recruit “specialist key organisms” which occur in a wide range of soils and conditions 
to meet nutritional requirements regarding N-fixation, P- and S-mobilisation. The findings of this 
chapter can therefore be of relevance for future plant breeding approaches. However, it is first 
important to determine which genotype recruits the most efficient microorganisms for the 
solubilisation of sulfonate and other nutrients, under a range of environmental conditions. To 
develop plant breeding approaches targeting the interaction between plant and rhizosphere 
microorganisms it is further important to determine which plant traits (for example, root 
morphology or exudate composition) are triggering a beneficial plant-microbe interaction. 
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Chapter 6 
Crop rotation and N-fertiliser level influence 16S rRNA and ssuD gene 
diversity in wheat rhizospheres 
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6.1. Introduction 
Crop rotations involve growing different plants in succession on the same field. Crop rotations 
have been used since 6000 BC to maintain soil heath and fertility mainly by breaking disease 
cycles, or, by providin nitrogen (N) through cultivating leguminosae which are in symbiosis with 
nitrogen-fixing bacteria (Andreae, 1979, Stoate, et al., 2001, Bernard, et al., 2014). Crop rotations 
have been shown to increase soil organic matter and microbial diversity when compared to 
continuous monoculture (Anderson & Domsch, 1989, Lupwayi, et al., 1998, McDaniel, et al., 
2014). Soil organic matter and its compound microbial biomass are closely related to the fertility 
of soils, with impact on C-sequestration, N-cycling, soil-water-logging capacity, and bio-chemical 
buffer capacity (Jenkinson & Rayner, 1977, Stoate, et al., 2001, Yao, et al., 2013, McDaniel, et 
al., 2014).  
The rotations for wheat cropping systems in northern NSW, Australia use leguminosae, such as 
chick-pea (Cicer arietinum), faba bean (Vicia faba) and field pea (Pisum sativum), to provide the 
systems with N input through symbiotic biological nitrogen fixation (Felton, et al., 1998). The 
brassicaceae mustard or canola and poacea, such as sorghum (Sorghum bicolour) are cultivated to 
break cycles of diseases, as for instance crown rot, which is caused by Fusarium 
pseudograminearum, or to control weeds (GRDC, 2013). In crop rotations, brassica species have 
a wide application as “bio-fumigants” to control soil-borne pathogens and weeds, since 
commercial fumigants are frequently banned due to their negative impacts on environment 
(Vervoort, et al., 2014). The mechanisms of bio-fumigants are mainly attributed to the release of 
compounds containing natural isothiocyanates, such as allyl isothiocyanates, into the rhizosphere 
and surrounding soil (Matthiessen & Shackleton, 2005).  
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It has been suggested that the suppressing effect of brassicaceae on fungi causes lower colonisation 
with vesicular arbuscular myccorhizae (VAM) in subsequent mycorrhizal crops (Vierheilig & 
Ocampo, 1990, Ryan, et al., 2003, Kirkegaard & Ryan, 2014). Besides the negative effect of 
brassicaceae on VAM, antagonistic effects on subsequent summer crops, such as sorghum or mung 
bean, could not been detected in field experiments. A comparative study, which eliminated the 
non-host effect of brassicaceae on VAM through supply of high P, couldn’t find any impact of a 
brassicaceae-crop on the establishment, growth or yield of the subsequent sorghum or mung bean 
crop (Robertson, et al., 2009). 
In particular because of the synthesis of S-containing metabolites, brassicaceous species have an 
increased demand for sulfur (Grant, et al., 2012).  
In contrast to canola and mustard, sorghum contains the non-sulfur containing alellopathic 
cyanogenic glycoside (dhurrin) and a hydrophobic p-benzoquinone (sorgoleone). Sorgoleone can 
be exuded in to the rhizosphere, and has been explored to suppress weeds successfully (Weston, 
et al., 2013). Sorghum and brassicaceae are both of agronomical importance because of their 
application as control-plant for nematodes such as the root-lesion nematode Pratylenchus thornei 
(Reen, et al., 2014).  
In comparison to fallow-crop rotations, continuous crop rotations are associated with higher 
resilience of biological soil functions in response to stresses such as repeated wet-dry cycles 
(Gupta, et al., 2010). While the general impacts of continuous crop rotations on soil health and 
nutrient cycles have become better understood, the influence of different plants used in crop 
rotations on nutrient cycling has become a recent subject of interest (Maul, et al., 2014, Zhou, et 
al., 2014). 
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Various factors determine soil microbial community structure in agricultural soils at different 
scales. For instance, soil pH has been shown to be the major drivers for differences in soil microbial 
communities across soils at a continental scale (Fierer & Jackson, 2006). Soil microbial 
communities have also been shown to be influenced by regional or local differences in soil type or 
soil texture (Maul, et al., 2014). Furthermore seasonal and year-to year differences shape soil-
microbial communities (Cregger, et al., 2012, Smalla, et al.,2001). 
Overall microbial diversity in the rhizosphere is influenced by a range of agronomic measures such 
as crop rotations, the application of fertiliser the choice of genotype or plant vegetation stage 
(Siciliano, et al., 1998, de Campos, et al., 2013, Berg, et al., 2014, Geisseler & Scow, 2014, Li, et 
al., 2014, Maul, et al., 2014). While influences of agronomical measures on overall microbial 
diversity have been well studied, the functional microbial diversity of genes involved in nutrient 
solubilisation has become an area of increased interest (Hai, et al., 2009, Reardon, et al., 2014). 
Certain crops used within crop rotations, shape the overall microbial community because of their 
specific demands or properties regarding nutrient supply, including a high sulfur demand for 
brassicaceae or symbiosis with N-fixing bacteria for leguminosae (Marschner, et al., 2001). Plant 
species can affect rhizosphere overall communities, on 16S rRNA level and also at a functional 
level (Uksa, et al., 2014). The question is whether crop rotational plants can influence overall and 
functional rhizosphere microbial communities of subsequent plants.  
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The aims of this study were to  
a) Compare the effects of a brassicaceae and leguminosae on rhizosphere 16S rRNA and ssuD 
gene diversity of subsequent crops (sorghum and wheat) 
b) Determine whether the possible effects on 16S rRNA and ssuD rhizosphere diversity can persist 
longer than one rotational sequence 
c) Investigate whether an interaction between previous rotational crop and N-fertiliser level of the 
investigated crop (wheat) does influence rhizosphere 16S rRNA and ssuD gene diversity 
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6.2. Experimental design 
A field trial was set up at Narrabri to investigate the effects of two different rotations and the effect 
of high and low N-fertiliser on wheat productivity (data not shown) and associated changes in 16S 
rRNA and ssuD gene diversity in wheat rhizospheres. The field trial was conducted at the I. A. 
Watson Wheat Research Centre at Narrabri at NSW, Australia (30 19’0”S, 149 46’0”E) by Dr 
Rosalind Deaker. 
Wheat (cultivar CROC_1/AE.SQUARROSA(205)/ /KAUZ/3/2*METSO) was grown after two 
different rotations, including either field pea (Pisum sativum) with subsequent sorghum (Sorghum 
bicolour) or Indian mustard (Brassica juncea L) followed by sorghum. Nitrogen fertiliser for the 
wheat crop was applied 20 days after sowing as urea at two different levels (50 kg ha-1 and 100 kg 
ha-1). 
 
 
Figure 6.1: Set-up of the field trial including one field block with a field pea-sorghum-wheat rotation 
(above) and a mustard-sorghum-wheat rotation (below) at high and at low N-fertiliser level (50 and 
100 kg ha-1 applied as urea) 
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Sowing and sampling dates of the different rotation crops are shown in table 6. 1. 
Table 6.1: Sowing, rhizosphere sampling and harvesting dates of the plants used in this trial. 
 Sowing date Sampling date Harvesting date 
Field pea, Mustard 05.-10.06.2010 - 07.-12.11.2010 
Sorghum 17.12.2011 15.03.2012 31.03.2012 
Wheat  15.06.2012 27.07.2012 15.11.2012 
 
The pre-crop treatment (previous rotational crop) consisted planting and harvesting field pea and 
mustard, followed by sorghum according to the sowing and harvesting dates in table 6.1 according 
to best management practices. After harvest, the roots of the previous plants were left in the soil 
and the stubble remained on the field, until the following crop was sown into the stubbles.  
Sorghum plants growing after mustard were smaller and less developed when compared to 
sorghum after field pea, in particular during early growth stages (pers. comm. Graeme Rapp, 
2011). However, at the rhizosphere sampling time point (mid of March 2012) plants grown on 
both plots were comparable in development.  
To evaluate whether the effect observed in the early growing stages was related to changes in 
overall bacterial and ssuD diversity in the sorghum rhizospheres, randomised sampling of 
rhizosphere soil were taken in 8 fold replication from each plot. 
A pot trial (chapter 2) was set up to evaluate the effect of a previous rotational crop (or “pre-crop), 
either a leguminous or brassicaceous species on 16S rRNA gene and ssuD diversity in wheat 
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rhizospheres under controlled conditions. Canola seeds and chickpea seeds were grown for 6 
weeks under controlled conditions in 5-fold replicate. The soil used in this pot experiment was a 
1:1 mixture (v/v) of coarse sand and agricultural topsoil from Narrabri (Vertisol). The pots were 
watered regularly during the plant growing period, but not amended with fertiliser. After 6 weeks 
plant growth shoots were cut off at ground level and wheat seeds (EGA Gregory) were planted 
directly into the same pots 5 days after harvesting, containing roots, stubbles and soil of the 
previous “rotational” plant (in order to “mimic” the conditions in the field as well as possible). 
Rhizosphere soil from the wheat plants was harvested after 4 weeks of growth. DNA extraction 
from rhizosphere soil from the field and from the pot trial and PCR conditions and the T-RFLP 
protocol for the 16S rRNA- and ssuD gene diversity are described in chapter 2. As statistical 
analysis NMDS was performed as a preliminary analysis and as more detailed analysis either RDA, 
or as distance based method CAP-models were used as described in detail in chapter 2. 
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6.3. Rhizosphere 16S rRNA gene diversity is influenced by crop rotations and 
fertiliser levels 
6.3.1. Field pea and mustard influence 16S rRNA gene diversity in subsequent 
grown sorghum rhizospheres 
16S rRNA gene diversity in the rhizospheres of sorghum at approximately 90 days after sowing 
was significantly different in sorghum rhizospheres grown after the 2 different pre-crops, either 
mustard or field pea as shown in a CAP analysis (Constrained Analysis of Principal Components). 
The number of TRFs ranged between 123 and 227, showing no significant (p>0.1) differences 
between the treatments (wheat after field pea and sorghum and wheat after mustard and sorghum, 
at both high and low N-fertiliser level). TRF product size was measured between 60 base pairs and 
670 base pairs. Since only one axis of the CAP was significant the CAP scores are represented in 
figure 6.2. These findings the two different plant species field pea and mustard affect microbial 
communities in the subsequent rotation crop sorghum.  
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Figure 6.2: Differences of 16S rRNA gene diversity in sorghum rhizospheres measured by T-RFLP 
between sorghum grown after field pea and sorghum grown after mustard represented in CAP-scores 
(Constrained Analysis of Principal Coordinates) 
Significance of the ANOVA like permutation test of the CAP model p=0.037. The Variance (%) in T-RFLP 
peak distribution of the 16S rRNA gene that can be explained by the variable pre-crop is 7.2%. Distance 
Matrix: Bray-Curtis 
 
 
 
 
Scores CAP 1 Mean ±SE 
after Field Pea 0.385±0.0995 
after Mustard 3.435±0.163 
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6.3.2. 16S rRNA gene diversity in rhizosphere of wheat is impacted by different crop 
rotations at different fertiliser level 
To evaluate the effect of previous rotation crops (pre-crop) and N-fertiliser level on 16S rRNA 
gene diversity in wheat rhizospheres (wheat genotype CROC_1/AE.SQUARROSA(205)/ 
/KAUZ/3/2*METSO), 16 replicate rhizosphere samples were taken from each treatment block 
contained in the field trial (figure 6.1). The wheat genotype was chosen to set up an ongoing field 
trial testing inoculation effects with A. brasilense Sp245 and it had been demonstrated to respond 
significant to inoculation treatments (R. Deaker, pers. comm., 2013). A preliminary NMDS 
analysis showed that 16S rRNA gene diversity in rhizospheres of wheat grown after field pea and 
sorghum (P-S) differed significantly from the diversity in rhizospheres of wheat grown after 
mustard and sorghum (M-S), when no distinction between high and low N fertiliser-level was 
made (fig.6.3). This means that either mustard, or field pea as rotation crop affects rhizosphere 
microbial communities of plants grown as subsequent rotation crops and that the effect can not 
only be observed in the directly following rotational crop (3 month after the harvest of field pea/ 
mustard) but is persistent until the 2nd following crop rotation (7.5 month after the harvest of field 
pea/ mustard).  
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Figure 6.3: 16S rRNA gene diversity in the rhizospheres of wheat after “P-S” (field pea and sorghum) 
and after “M-S” (mustard and sorghum) 
The graph shows an NMDS analysis. Stress: 0.29. ANOSIM p-value: 0.01. ANOSIM R: 0.21. Distance 
Matrix: Bray-Curtis 
    “P-S”,    “M-S”   
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Since the wheat plants received either a high (100 kg ha-1) or a low (50 kg ha-1) N fertiliser 
treatment, an NMDS analysis was performed to evaluate the effect of pre-crop (mustard or field 
pea) under high N-level fertilization (figure 6.4 (A)) and low N-level fertilization (figure 6.4 (B)) 
on 16S rRNA gene diversity in wheat rhizospheres, 22 days after fertiliser application. The results 
distinguished by N-fertiliser level show clearly the significant effect of pre-crop on 16S rRNA 
gene diversity. These preliminary findings of the unconstrained NMDS analysis showed that the 
possible interaction between the factors “pre-crop” and “N-fertiliser-level” should be considered 
in the following constrained analysis (figure 6.5). 
 
Figure 6.4: 16S rRNA gene diversity in the rhizospheres of wheat after “P-S” (field pea and sorghum) 
and after “M-S” (mustard and sorghum) at high N-fertiliser level (A) and low N-fertiliser level (B) 
NMDS analysis. ANOSIM R (A): 0.25. ANOSIM R (B): 0.4. Distance Matrix: Bray-Curtis 
    “P-S”,    “M-S”   
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In the constrained redundancy analysis (RDA) presented in figure 6.5, the interaction between the 
2 x 2 factors (pre-crop field pea/sorghum “P-S” and mustard/sorghum “M-S” and N-fertiliser-level 
high and low) tested in a 2-Way ANOVA was significant (p= 0.005). 
16S rRNA gene diversity differs significantly between the pre-crop treatments, as shown through 
the separation among the first RDA axis (fig. 6.5) while N-fertiliser level separates 16S rRNA 
gene diversity among the second RDA axis only in rhizospheres of wheat grown after field pea 
and sorghum (“P-S”) but not after mustard and sorghum (“M-S”). This finding implies that 16S 
rRNA diversity in wheat rhizospheres grown after field pea and sorghum is influenced more 
strongly by N-fertiliser level than the 16S rRNA microbial diversity after mustard and sorghum. 
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Figure 6.5: 16S rRNA gene 
diversity in the rhizospheres of 
wheat affected by interaction 
between pre-crop “P-S” (field pea 
and sorghum), “M-S” (mustard 
and sorghum) and N-fertiliser-
level (high and low) 
The graph shows the RDA-Model: 
Permutation test p=0.005, 
proportion explained by RDA1*: 
52.02%, RDA2*: 25.1%: * 
Significance of axis p <0.05. 
Distance Matrix: Bray-Curtis 
 
 
 
 
    “P-S” with low N treatment,     “P-S” at high N treatment,  
   “M-S” with low N treatment,    “M-S” with high N treatment 
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6.3.3. 16S rRNA gene diversity is affected by rotation with chickpea or canola under 
controlled conditions  
To investigate only the effect of a leguminous compared to brassicaceous rotation crop on a 
subsequent wheat crop, a separate pot trial was set up under controlled (greenhouse) conditions. 
In contrast to the field trial, the plants were not grown to maturity. This trial was designed to 
confirm whether the results obtained in 6.3.2 were replicable for other leguminous and 
brassicaceous species than used in the field trial, without an additional effect of N-fertiliser level. 
The wheat variety EGA Gregory was used in the pot trial. The two pre-crops “Chickpea” and 
“Canola”, which were grown for 6 weeks had a significant effect (ANOSIM p=0.011) on overall 
microbial diversity in wheat rhizospheres after 4 weeks of sowing, as shown in the unconstrained 
NMDS analysis with (figure 6.6).  
 
Figure 6.6: 16S rRNA gene diversity in 
the rhizospheres of wheat after chickpea 
and after canola 
 Stress: 0.1003. ANOSIM p-value: 0.011. 
ANOSIM R-value: 0.69. Distance Matrix: 
Bray-Curtis 
   Chickpea,     Canola 
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The significance of the factor “pre-crop” was confirmed in a permutation test for a RDA-model 
represented in figure 6.7. 
 
 
Figure 6.7: Differences of 16S rRNA gene diversity in wheat rhizospheres measured by T-RFLP 
between rhizospheres of wheat grown after chickpea (black) and rhizospheres of wheat grown after 
mustard in a pot trial represented in RDA-scores 
Significance of the ANOVA like permutation test of the RDA model p=0.015. The Variance (%) in T-
RFLP peak distribution of the 16S rRNA gene explained by the variable pre-crop rotation is 19.94%. 
Distance Matrix: Bray-Curtis 
 
These findings suggest that wheat rhizosphere 16S rRNA diversity is different for wheat grown 
after chickpea and wheat grown after canola.  
 
Scores RDA 1 Mean ±SE 
After chickpea 0.834±0.038 
After mustard 2.494±0.043 
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6.4. Rhizosphere ssuD gene diversity is influenced by crop rotations and fertiliser 
levels 
6.4.1. Crop rotation and N-fertiliser level impact diversity of the ssuD gene in wheat 
rhizospheres 
To find out how rotation and N-fertiliser level influence ssuD gene (alkanesulfonate-
monooxygenase) diversity, a T-RFLP using the primer pairs developed to target ssuD gene 
diversity (chapter 3) were used for the wheat rhizosphere DNA samples. Furthermore the 
investigation aimed to find out, whether changes in 16S rRNA diversity (see results under 6.3.2.) 
relate to changes in the diversity of the ssuD gene. The 16 replicate rhizosphere samples were taken 
from each treatment block contained in the field trial (as described in 6.3.2.).  
For ssuD gene diversity the findings differed slightly from the findings for 16S rRNA gene 
microbial diversity, since no significant effect (ANOSIM p=0.857) was observed when the factor 
nitrogen fertiliser treatment was neglected, and only the factor pre-crop was considered in the 
NMDS analysis (see figure 6.8). 
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Figure 6.8: Diversity of the ssuD gene in the rhizospheres of wheat after “P-S” (field pea and 
sorghum) and after “M-S” (mustard and sorghum) 
Stress: 0.27. ANOSIM p-value: 0.857. ANOSIM R-value: -0.02. Distance Matrix: Bray-Curtis 
   Field pea & sorghum,     Mustard & sorghum 
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When comparing the treatment field pea & sorghum (“P-S”) and mustard & sorghum (“M-S”) 
under high N, no significant effect of the pre-crop on ssuD diversity in the wheat rhizospheres 
could be detected in the NMDS-analysis (figure 6.9(A)).  
Interestingly, under low N fertiliser level, (by analysing only the T-RFLP peaks obtained from 
wheat rhizospheres which were fertiliser with 50 kg N ha-1), a clear effect of the pre-crop treatment 
“P-S” and “M-S” could be observed in the NMDS-analysis (figure 6.9 (B)) 
 
Figure 6.9: Diversity of the ssuD gene in the rhizospheres of wheat after “P-S” (field pea and 
sorghum) and after “M-S” (mustard and sorghum) at high N-fertiliser level (A) and low N-fertiliser 
level (B) 
ANOSIM R-value (A): 0.01. ANOSIM R-value (B): 0.23. Distance Matrix: Bray-Curtis 
     Field pea & sorghum,     Mustard & sorghum 
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The results of the 2-Way-ANOVA of the partial RDA for the interaction between the pre-crop 
treatment (“P-S” and “M-S”) and N-fertiliser level (high and low) presented in figure 6.10 
showed that ssuD diversity was significantly (p=0.033) impacted by the pre-crop treatment at 
low N-fertiliser level, which can be observed in the separation of the treatments “P-S” at low N 
and “P-S” at high N among RDA 1 axis, and impacted with a strong trend (ANOVA p= 0.069) at 
high N-fertiliser level (separation among RDA 2). In contrast N-fertiliser level had a significant 
effect on ssuD gene diversity in wheat rhizospheres grown after field pea and sorghum (“P-S”) 
but not after mustard and sorghum (“M-S”) (RDA 1).  
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Figure 6.10: Diversity of the ssuD 
gene in the rhizospheres of wheat 
as affected by the interaction 
between pre-crop “P-S” and “M-
S” (field pea/sorghum and 
mustard/sorghum) and N-
fertiliser level (high and low) 
RDA-Model: Permutation test 
p=0.005, proportion explained by 
RDA1*: 36.06%, RDA2**: 32.72%, 
*Significance of axis: p <0.05, ** p 
<0.07 
 
 
 
 
 
     “P-S” with low N treatment,     “P-S” at high N treatment,  
   “M-S” with low N treatment,      “M-S” with high N treatment 
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These results suggest that the effect of pre-crop on ssuD gene diversity in wheat rhizospheres is 
far more dominant under low N conditions than under high N conditions. Whereas N-fertiliser 
level has a much stronger impact on ssuD gene diversity in wheat after field pea and sorghum than 
in wheat after mustard and sorghum. This can either mean that a) the effect of mustard on 
rhizosphere ssuD communities of following crops is stronger than an N fertiliser effect, or that b) 
rhizosphere ssuD gene diversity is more affected by the level of N fertilization after field pea than 
after mustard. 
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6.4.2. Diversity of the ssuD gene is affected by rotation under controlled conditions 
The diversity of the ssuD gene in wheat rhizospheres grown in a pot trial for 6 weeks after either 
chickpea, or canola was significantly (ANOSIM p=0.005) influenced by the pre-crop (figure 6.11). 
The unconstrained NMDS analysis was confirmed by a CAP model (figure 6.12). 
 
Figure 6.11: Diversity of the ssuD gene in the rhizospheres of wheat grown in a pot trial after chickpea 
and after canola assessed with NMDS of the T-RFLP analysis 
Stress: 0.11. ANOSIM p-value: 0.005. ANOSIM R-value: 0.75. Distance Matrix: Bray-Curtis.  
     Chickpea,     Canola 
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Figure 6.12: Differences of diversity of the ssuD gene in wheat rhizospheres measured by T-RFLP 
between wheat grown after chickpea (black) and wheat grown after mustard in a pot trial 
represented in CAP-scores 
Significance of the ANOVA like permutation test of the CAP model p=0.01. The Variance (%) in T-RFLP 
peak distribution of the 16S rRNA gene that can be explained by the variable pre-crop rotation is 14.56%. 
Distance Matrix: Gower 
 
The results from the confirmatory pot trial indicate that the pre-crop effect on ssuD gene diversity 
observed in the field experiment can be replicated under controlled conditions. Furthermore it was 
shown that the effects of the previous crop on ssuD gene diversity not only occurred for the plant 
species used in the field trial (mustard and field pea), but also could be observed for other 
representatives of a brassicaceous and leguminous species, as in this case chickpea and canola. 
 
Scores CAP 1 Mean ±SE 
After chickpea 0.42±0.0575 
After mustard 2.96±0.163 
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6.5. Discussion 
The results of this chapter show that in crop rotations the previous rotational crop affects overall 
(16S rRNA gene) and sulfonate mobilising (ssuD gene) communities in rhizospheres of 
subsequent plants. In the field trial the previous rotation crop (either a brassicaceous (mustard) or 
a leguminous (field pea) species) had a significant impact on 16S rRNA gene diversity in the 
rhizospheres of the subsequent sorghum crop. Surprisingly the impact was still persistent in the 
wheat crop grown after the sorghum crop, both at 16S rRNA gene level and at ssuD gene level.  
The effect of different pre-crops (brassicaceae or leguminosae) on a following wheat crop was 
confirmed in a pot trial. Controlled conditions were chosen in order to exclude a plot or subplot 
effect, which can have an impact on dominant drivers of microbial community composition and 
structure (Maul, et al., 2014). It must be stressed that the results are not directly comparable. First, 
experimental conditions differed between the field and a pot trial under controlled conditions. 
Furthermore, field and the pot trial were using different plant species, and also the fallow time 
between the rotation crops differed. In the field trial the break between mustard/ field pea and 
wheat was 7 months. Sorghum was cultivated within this time frame, whereas the “fallow” or 
break in the pot trial between chickpea or canola and wheat only lasted 5 days. 
N-fertiliser level impacted 16S rRNA and ssuD gene diversity in wheat grown after field pea and 
sorghum, but not in wheat grown after mustard and sorghum. This finding may be explained by a 
strong impact of N fertilization on diversity and abundance of bacteria involved in N-cycling. N-
fixing rhizosphere bacteria associated with field pea but not with mustard could have remained 
active in the soil after 2 further rotational sequences. These particular populations may have 
reacted to changes caused by N amendment in wheat grown after field pea and sorghum. 
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Considering the findings described in chapter 7, figure 7.2. where a reduced Shannon diversity 
index was found for canola rhizospheres compared to wheat rhizospheres, it is possible that wheat 
rhizospheres grown after mustard (as another brassicaceous species) and sorghum might have had 
a reduced ssuD gene diversity compared to the wheat rhizospheres of wheat grown after field pea 
and sorghum. This reduced diversity of ssuD gene representatives after mustard could explain a 
reduced reaction to N fertiliser, since there might just not have been enough species to shown any 
significant treatment-response.  
It has been previously established that rhizosphere microbial community is directly impacted by 
plant species. The assumption has been made that this process is mainly driven by the composition 
of exudates which means a substrate-driven selection for particular microbes (Marschner, et al., 
2001, Houlden, et al., 2008). Introduction of different plants into soils, which had been cultivated 
with a long-term monoculture of corn (Zea mays), caused short-term alterations in rhizosphere 
microbial community composition. Some introduced species were shown to increase the total 
microbial community richness, diversity and the stimulation of new microbial species the 
rhizospheres of buckwheat (Fagopyrum esculentum) and triticale (Triticosecale spp.). In contrast 
other plant species, such as Italian ryegrass (Lolium multiflorum) and vetch (Vicia villosa), tended 
to show reduced community diversity in their rhizospheres (Maul & Drinkwater, 2010). 
Brassicaceae have been found to alter soil microbial communities directly, because their exudates 
contain low molecular S-containing compounds, such as glucosinolates. Glucosinolates directly 
inhibit growth of fungi and bacteria, a property which is used the context of bio fumigation 
(Rumberger & Marschner, 2003, Bressan, et al., 2009). It was demonstrated that repeated growing 
of oilseed rape in the same soil was associated with the fungal obligate parasite Olpidium brassicae 
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dominating the fungal community. Furthermore, 16S rRNA gene diversity of soils was reduced 
when fresh root material of oilseed rape was retained in the soil (Bennett, et al., 2014). 
In contrast to brassicaceae, leguminous species live in a complex symbiosis with rhizobia, 
belonging to the α-proteobacteria (Kiers, et al., 2003, Franche, et al., 2009). Depending on their 
host-specificity, rhizobia can be affected in their survival by long-term absence of their host plant 
(Laguerre, et al., 2003).  
Certain rhizosphere microorganisms seem to be associated with particular plant species. In the 
rhizospheres of strawberry (Fragaria ananassa Duch), dominant ribotypes were Streptomyces sp. 
and Rhizobium sp. In contrast to strawberry, in oilseed rape (Brassica napus L.), dominant bands 
of bacterial fingerprints corresponded to Athrobacter sp. (Costa, et al., 2006). 
Plant species select particular microbes in their rhizospheres and can also alter microbial 
communities on a functional level, as proven for ammonia oxidising bacteria (AOB) involved in 
nitrogen cycling. Exotic grasses doubled gross nitrification rates, in part by increasing the 
abundance and changing the composition of ammonia-oxidising bacteria in soil in grasslands 
(Hawkes, et al., 2005).  
If plant roots directly impact overall and functional microbial diversity in soil, as discussed above, 
it is likely that the rhizosphere microbial community of previous plant species used in rotations 
can impact microbial and functional composition of rhizospheres in subsequent crops. This is 
demonstrated in the results shown above. A study comparing different soil covering treatments 
before the cultivation of tomato (Solanum lycopersicum) found treatment effects on microbial 
communities in tomato rhizospheres. The covering treatments included black plastic mulch, hairy 
vetch (Vicia villosa) or cereal rye (Secale cereale). Tomato rhizosphere communities of 
Betaproteobacteria, Planctomycetes and Eubacteria were affected by the soil covering treatment, 
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although the effect of season and the difference between bulk and rhizosphere soil explained the 
biggest amount of the variability in 16S rRNA gene diversity found between the samples (Maul, 
et al., 2014). It can be concluded that a previous rotation plant can have an impact of the 
rhizosphere composition of subsequent plants. 
The effect of different nitrogen input levels of different mineral and organic sources on overall 
microbial communities has been investigated in detail. Long-time nitrogen amendments, including 
organic and mineral fertiliser N, have shown an effect on prokaryotic but not on eukaryotic 
communities as assessed with DGGE (Marschner, et al., 2003). While responses of overall 
microbial diversity to various anthropogenic impacts have been studied in detail, little information 
is available yet about how changes in overall diversity are correlated to changes in functional 
diversity (Miki, et al., 2014). 
N-fertiliser level can have an effect on key genes involved in N cycling. Key genes comprise genes 
involved in N fixation (nifH), N mineralisation (chiA), nitrification (amoA) of ammonia-oxidising 
bacteria (AOB) or archaea (AOA), and denitrification (nirS, nirK and nosZ) (Zhang, et al., 2013). 
A recent study based on pyrosequencing analysis of the 16S rRNA gene revealed no significant 
effect of nitrogen amendment on bacterial diversity, but significant effects on community 
composition and significant changes in the relative abundance of bacterial taxa across the different 
N gradients were observed (Fierer, et al., 2012). Microbial nifH gene diversity, responsible for 
biological nitrogen fixation was impacted by the application of mineral N fertiliser in wheat within 
deeper soil layers (Reardon, et al., 2014). The application of urea decreased the abundance of the 
nifH gene in sorghum while increasing numbers of ammonia oxidising bacteria (Hai, et al., 2009).  
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It must be pointed out that agricultural measures, such as crop rotation, fertiliser level and many 
more, can’t be seen in isolation of each other. In agricultural systems various factors, which are 
determining soil and rhizosphere community structure, interact with each other. For example, 
overall microbial community was affected by the interaction between different tillage systems and 
nitrogen addition, whereas no effect of tillage system alone was detected with no added nitrogen 
when assessed by T-RFLP (Bissett, et al., 2013).  
Knowing about the effects of a) crop rotation and b) N-fertiliser levels on 16S rRNA gene and N-
functional gene diversity, the question remains as to how both of these factors interact. In addition 
it needs to be established whether N-fertiliser level has the same effect on 16S rRNA gene 
microbial communities when plant species other than field pea or mustard are used for crop 
rotations. As mentioned above, the results of this study showed that level of N-fertiliser in wheat 
had a clear effect on both 16S rRNA gene and ssuD gene diversity in rhizospheres of wheat grown 
after field pea and sorghum, but not in rhizospheres of wheat grown after mustard and sorghum.  
Rhizodeposition is defined as the process of the release of organic and inorganic compounds from 
living plant roots. It is often quantified in terms of carbon (C) and less often as N. The amount of 
rhizodeposition largely varies between different plant species. In contrast to legumes which leave 
up to 73% of their biomass in the soils, cereals only deposit 53% below ground (Wichern, et al., 
2008).  
Freely-available C and N increase microbial biomass and can have a priming effect on soil organic 
matter and contribute to plant N-nutrition (Mayer, et al., 2004). Brassicaceae release organic 
substances, which have been associated with a decrease in 16S rRNA gene diversity (Bressan, et 
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al., 2009, Bennett, et al., 2014) can have different effects on soil micro-organisms than substances 
released by other plant species.  
The question is, therefore, why are overall and sulfonate-mobilising rhizosphere communities 
affected by N fertiliser in rhizospheres of wheat grown after field pea and sorghum, but not in 
wheat but not in wheat grown after mustard and sorghum? 
The following explanations for this observation are possible:  
a) Sorghum plants grown after field pea were able to utilise the C and N deposited by the field pea. 
Increased growth of sorghum by higher C and N levels in soils after field pea might have 
contributed to changes in soil nitrogen level and associated changes in 16S rRNA gene and 
functional microbial diversity involved in N-cycling (Hai, et al., 2009, Reardon, et al., 2014). 
These changes in microbial communities may have affected the microbial communities of the 
subsequent wheat by being more responsive to changes in N fertiliser level.  
b) Mustard rhizodeposition can decrease microbial diversity via a release of glycosinolates, thus 
inhibiting microbial growth in the rhizospheres of subsequent crops, leading to a weakened 
response of the fewer microbial species to different N-fertiliser levels. 
Biological nitrogen fixation itself is a process requiring high amounts of other nutrients such as 
phosphorus or sulfur. ATP provides the energy of the nitrogen fixation, and phosphorus is required 
for ATP synthesis (Lima, et al., 2011, Divito & Sadras, 2014). Sulfur limitation can affect nodule 
development and function of legumes (Zhao, et al., 1999, Scherer, et al., 2008, Divito & Sadras, 
2014). Sulfur deficiency is associated with decreased nitrate reductase activity in plants (Ahmad, 
et al., 2010). S and N interact in the synthesis of sulfur containing amino acids (Wirtz & Droux, 
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2005). Higher availability of N through biological N fixation can increase plant growth. This 
additional growth also increases plant demand for P and S. Since plants require a balanced uptake 
of the minerals N, P and S, the microbial provision of those elements requires a balanced 
mobilisation in rhizospheres (Parton, et al., 1988, Losak, et al., 2010, Handley, et al., 2013).Thus 
differences in ssuD gene diversity observed at different N fertiliser levels could be related to the 
described relationship between N and S. 
Some bacteria possessing the nifH gene also mobilise sulfonate with help of the ssuD gene, as for 
instance Rhizobium sp. and Azospirillum sp. (http://www.ncbi.nlm.nih.gov/gene). Large-scale 
diversity changes affecting the nifH community could therefore also be reflected in changes of the 
overall 16S rRNA gene and ssuD gene microbial community. An enhanced supply of mineral N 
can affect nifH gene diversity, but also a wide range of other key genes involved in N-cycling. Key 
genes involved in N-cycling are involved in processes like N mineralisation, nitrification, and 
denitrification (Zhang, et al., 2013), therefore affecting the diversity of the 16S rRNA and ssuD 
gene. 
The overall bacterial diversity and the ssuD gene in wheat rhizospheres are affected by the 
interaction between a previous leguminous crop and N fertiliser level, while N fertiliser level 
doesn’t affect overall or functional diversity when grown after mustard. To fully understand this 
observation, more information about identity of dominant microorganisms in each treatment is 
required.  
It can be summarised that distinct plant species used in crop rotations do not only have the potential 
to break disease cycles and provide soil-health, but can also contribute to changes in microbial 
nutrient solubilisation. In this chapter it was demonstrated that certain pre-crops influence soil 
230 
 
rhizosphere communities for a longer period than one crop rotation. Furthermore, it was 
demonstrated that the combination of various effects, including plant species used in rotations and 
N fertiliser interplay shaping overall and S-solubilising microbial communities. It is suggested that 
the changes in diversity, caused by the treatments described above have a more beneficial influence 
on microbial communities and plant nutrition status than others. However, the current study proves 
that combined treatments of rotation and fertiliser level do exert an effect on 16S and ssuD gene 
microbial communities, although it is not yet known what this means for plant nutrition. The 
further outlook for this work is to a) identify the treatments causing a higher plant S nutrition status 
b) investigate which changes in diversity are correlated with the beneficial treatments and c) 
identify the organisms linked to better plant S status. The first step entails pyrosequencing ssuD 
genes in the rhizosphere samples that have undergone a variety of treatments. This will help to 
determine which treatment promotes which dominant organisms. The second step entails an 
assessment of the correlation between treatment and increased plant S contents. In a third step 
dominant (and thus most likely efficient ssuD key organisms) are investigated for their ability to 
solubilise S for plant nutrition under S-limited, but sulfonate-rich conditions. The information 
gained through steps 1-3 should provide us with the knowledge to choose appropriate agricultural 
measures to promote ssuD harbouring microorganisms that can contribute to plant sulfur nutrition 
under conditions of S scarcity. 
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Chapter 7 
Diversity of the alkanesulfonate monooxygenase gene in wheat and 
canola rhizospheres across New South Wales and Victoria 
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7.1. Introduction 
Diversity of animal, insect and plant species across geographical transects and the climatic or soil-
edaphic properties shaped by geographical factors has been a subject of intense observation since 
the mid-18th century. Carl Linnaeus, Alexander von Humboldt and Charles Darwin are only a few 
of the earliest scientists to investigate the occurrence and distribution of plant and animal species 
across the globe with enthusiasm and build the foundation for bio-geographical research today 
(Miller, 2005, Allen & Gillooly, 2006, Sharp et al., 2014). 
Most of past research about biological diversity across a geographical gradient has focused on 
animals or plants (Horner-Devine et al., 2004, Fierer & Jackson, 2006). Only since the 
development of non-cultivation-based approaches to detect microbial diversity, such as molecular 
fingerprinting methods, has it been possible to draw conclusions about the diversity of microbial 
life across spatial gradients. Deep-sequencing approaches, such as illumina-sequencing or 16S 
rRNA pyrotag sequencing, have made it possible to assess the range of microbial life across 
different environments in taxonomic detail, not only giving information about taxonomy of a 
distinct species but also about their abundance and functionality (Fierer & Jackson, 2006, Fierer 
et al., 2007, Sharp et al., 2014).  
Why is this relevant? Microorganisms comprise the majority of this planets diversity (Horner-
Devine et al., 2004). The ecosystem functions, which are provided by microorganisms and their 
functional diversity are crucial for nutrient cycling, and therefore a premise for all higher life in 
marine and terrestrial ecosystems (Arrigo, 2005, van der Heijden et al., 2008). Microorganisms 
decompose dead plant or animal material and mobilise and immobilise nutrients (such as nitrogen, 
phosphorus, sulfur or manganese) through soil enzymatic processes (Mitra & Sachidanand, 2001, 
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Kertesz et al., 2007, Bru et al., 2011, Richardson & Simpson, 2011, Kopacek et al., 2013). The 
impact of chemical and physical or biological factors on soil microbial diversity has been 
investigated in detail during recent years. Soil texture and pH, soil nutrient content (in particular 
N-content), the impact of different plant species or even genotypes (all influenced by seasonal 
changes) have been demonstrated to influence soil microbial communities in different ways 
(Smalla et al., 2007, Jones et al., 2009, Landesman et al., 2014, Min et al., 2014). Agricultural 
measures have been demonstrated to influence rhizosphere overall and functional microbial 
communities. Different plant cultivars were shown to influence 16S rRNA gene diversity (Bissett 
et al., 2013, Marques et al., 2014), and also to cause changes in16S rRNA gene and functional 
diversity of the amoA gene during early growth stages (<141 days) (Knox et al., 2014).  
Overall microbial communities were also influenced by cropping systems (conventional or no till) 
or the use of different cover crops (Mathew et al., 2012, Maul et al., 2014). In addition, community 
composition and function were impacted by N-amendments (Fierer et al., 2012). Changes in 
microbial communities have been attributed to be correlated with other factors, such as pH, across 
different continents (Fierer & Jackson, 2006, Jones et al., 2009).  
The impact of each geographical location on soil microbial and functional biodiversity depends on 
a multitude of factors and the interaction between those factors. Furthermore, microbial nutrient 
cycling of C, N, P and S (and others) are inseparably linked with each other and determine the 
composition and structure of microbial communities (Kopacek et al., 2013). To develop strategies 
for a better use of microbial nutrient solubilisation and N-fixation in agriculture it is important to 
a) understand how various factors determining biogeography influence microbial diversity on a 
taxonomic and functional level and b) evaluate how biogeographical factors and cropping 
practices, such as tillage, choice of adapted genotypes and fertilizer management, interact. 
234 
 
7.2. Experimental design/ Objectives 
Rhizosphere soil samples were collected in September 2012 by Dr Ryan Jones (University of 
Sydney). The samples included rhizospheres from wheat and canola fields across trial fields in 
NSW and Victoria from the National Variety Trial (Grains Research and Development 
Corporation, 2014) covering 16 locations (figure 7.1).  
 
 
Figure 7.1: 16 Sampling sites in NSW (red) and Victoria (blue) of the National Variety Trial 
A= Bellata, B= Gilgandra, C= Trangie, D-= Yarrawonga, E=Condobolin, F= Cudal, G= Canowindra, H= 
Temora, I=Gerogery, J=Wunghnu, K=Diggora, L=Minyip, M= Kaniva, N= Horsham, O=Hamilton, 
P=Teesdale. Details of the locations are in table 1.1. 
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Site specific properties were retrieved from the website of the National Variety Trials 
(http://www.nvtonline.com.au/, 2014). Wheat rhizospheres were sampled from the Australian hard 
grain wheat variety EGA Gregory; DEEDI (Department of Employment, Economic Development 
and Innovation) at the same growth stage (grain filling) across all trials. Canola rhizosphere 
samples derived from Hyola 555TT, a mid-early, triazine - tolerant variety. Rhizosphere DNA was 
isolated from the samples of Dr Ryan Jones by the DNA extraction method described in chapter 
2.  Site specific properties are presented in table 7.1.A and 7.1.B. 
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 Table 7.1.A): Sampling locations from the National Variety Trial (NVT) across Victoria and NSW for wheat rhizospheres with 
geographical, climatic and soil factors plus information about the crop of the previous year (GRDC, 2014)
Location, Wheat Latitude  Longitude 
Soil 
Texture 
N 
mg/kg 
P 
mg/kg 
Organic 
Carbon 
% 
pH 
(H2O) 
Conductivity 
dS/m 
Rainfall 
September 
(mm) 
Annual 
Rainfall 
(mm) 
Cultivation in 
year prior to 
sampling 
Bellata, NSW 
29.8209 149.534833 Clay 10.8 9 0.7 7.9 0.2 6.4 814.8 / 
Canowindra 
33.52531 148.70886 Loamy clay 12.6 28 0.5 5.1 0.1 35 648 Long Fallow 
Condobolin 
33.065651 147.230272 Loamy clay 10.3 29 1.1 6 0.1 23.2 398 / 
Gerogery, NSW 
35.901652 146.927376 Loam  17 0 0.7 7.2 0.1 19.5 832.5 Canola 
Gilgandra, NSW 
31.23396 148.697618 Loamy clay 9.3 20 0.9 7.5 0.2 18 538 Canola 
Temora, NSW 
33.37019 147.73956 Loamy clay 15.9 28 0.9 7.5 0.3 18 574 / 
Trangie, NSW 
31.966678 148.047171 Loamy clay 3.1 5 0.2 6.8 0 23.4 418.4 Canola 
Charlton, Vic 
36.25422 143.24288 Loamy clay 48 40 1.5 7 0.3 23.2 281 Canola 
Diggora, Vic 
36.326778 144.559436 Loamy clay 20 47 1.5 5.4 0.1 19.8 526.9 Canola 
Hamilton, Vic 
37.662978 142.120764 Loamy clay 26 41   5.6 0.1 55.6 608.2 / 
Kaniva, Vic 
36.41264 141.18742 Loamy clay 16 12 0 8.4 0.3 35.4 413.2 Lentil 
Minyip, Vic 
36.40387 142.56677 Loamy clay 9 10 0.8 8.9 0.3 23.1 235 Canola 
Teesdale, Vic 
38.08432 143.95371 Sandy loam 29 50 1 5.8 0.1 54.6 547.2 / 
Wunghnu, Vic 
36.1456 145.50283 Loamy clay 13 62 1.3 5.4 0.1 24.8 549 Canola 
Yarrawonga, Vic 
36.08903 145.99849 Loamy clay 18 43 1.6 6.7 0.1 21 621.8 Canola 
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Table 7.1.B): Sampling locations from the National Variety Trial (NVT) across Victoria and NSW for canola rhizospheres with 
geographical, climatic and soil factors plus information about the crop of the previous year (GRDC, 2014) 
 
Location, Canola Latitude  Longitude 
Soil 
Texture 
N 
mg/kg 
P 
mg/kg 
Organic 
Carbon 
% 
pH 
(H2O) 
Conductivity 
dS/m 
Rainfall 
September 
(mm) 
Annual 
Rainfall 
(mm) 
Cultivation in 
year prior to 
sampling 
Bellata, NSW 
29.8209 149.534833 Clay 9.9 13 0.8 7.1 0.1 6.4 814.8 / 
Cudal, NSW 
33.24814 148.78424 Clay 23.8 42 1.4 5.2 0.1 18 596 Wheat 
Condobolin, 
NSW 33.065651 147.230272 Loamy clay / / / / / 23.2 648 Long fallow 
Gerogery, NSW 
35.902087 146.934779 Sandy loam 33.9 40 0.8 6.5 0.1 19.5 398 Tritical 
Gilgandra, NSW 
31.608804 148.664512 Loamy clay 14.5 9 0.7 8.4 0.2 18 832.5 
Legume 
Pasture 
Temora, NSW 
34.5213 147.63989 Clay 13 28 0.6 6.2 0 18 538 Barley 
Trangie, NSW 
31.986093 147.951508 Loamy clay 12.4 25 0 7.3 0 23.4 574 Wheat 
Charlton, Vic 
36.28801 143.20624 Loamy clay 9.8 18 0.9 8.6 0.2 23.2 418.4 Field Pea 
Diggora, Vic 
36.32353 144.56824 Loamy clay 41 51 1.7 5.6 0.1 19.8 281 / 
Hamilton, Vic 
37.67665 142.112667 Loamy clay 26 41 0.8 5.6 0.1 55.6 526.9 / 
Kaniva, Vic 
36.426133 141.323 Loamy clay 24 25 2.1 5.6 0.1 35.4 608.2 Faba Bean 
Minyip,Vic 
36.330017 142.499993 Loamy clay / / / / / 23.1 413.2 Lentil 
Teesdale, Vic 
38.090323 144.007437 Sandy loam 29 50 1 5.8 0.1 54.6 235 / 
Wunghnu, Vic 
36.11843 145.5029 Loamy clay 9.1 60 1.1 5.9 0.1 24.8 547.2 Wheat 
Yarrawonga, Vic 
36.0986 145.98961 Loamy clay 8.5 38 1.2 6 0.1 21 549 Wheat 
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ssuD gene diversity was assessed with T-RFLP (Terminal Restriction Fragment Length Polymorphism) 
as described in chapter 2 using the degenerate primer pair ssuD_209F (DNC GNC TGA AGT TCC TGG 
TC) & ssuD_1001R (TGB GGA TAG CCN GAN AGG AT) giving a product size of approximately 800 
bp.  
Multivariate analysis NMDS (non-metric multidimensional scaling with either overlay of principal 
components (PC) and a gradient overlay of the environmental variables as well as the canonical analysis 
of principal components (CAP) were performed with the Vegan package of the software R (The detailed 
statistical analysis is described in chapter 2 section 2.6).  
 
The objectives of this study were to examine whether  
a) ssuD gene diversity varied between canola and wheat rhizospheres (assessed with T-RFLP and 
measuring each T-RFLP band as OTU (operational taxonomic unit) and using the Shannon 
diversity index) 
b) Changes in rhizosphere ssuD gene diversity could be detected among the different wheat fields 
across NSW and Victoria  
c) Changes in rhizosphere ssuD gene diversity were correlated with different soil and climate 
properties 
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7.3. Results 
7.3.1. Differences in community composition (species richness) in wheat versus canola 
rhizospheres 
In the dataset for the ssuD gene diversity (measured in T-RFLP peaks) in wheat and canola rhizospheres 
it was notable that the total number of TRFs in all wheat rhizosphere samples ranged from 40 to 140, 
while the peak numbers in canola rhizosphere-samples ranged from 10 to 30 peaks. The Shannon diversity 
index (chapter 2 section 2.6.) was calculated for the different sampling sites including wheat and canola 
rhizosphere ssuD gene diversity (figure 7.2), using the abundance of each T-RFLP peak within the samples 
(Wang et al., 2009). 
Although each T-RFLP peak does not represent a single species, and one species might also have 2 TRFLP 
bands and T-RFLP peaks can’t be used to calculate species richness or evenness (Dunbar et al., 2000), it 
can be expected that ssuD gene diversity differs strongly between wheat and canola rhizospheres. Despite 
the difficulty to interpret T-RFLP peaks as species, the finding that the number of T-RFLP peaks in wheat 
rhizospheres was on average 4 times higher than in canola rhizospheres is extraordinary. 
240 
 
 
Figure 7.2: Comparison of the Shannon diversity index of ssuD gene diversity in wheat and canola 
rhizospheres measured by T-RFLP peak abundance 
The locations shown include T-RFLP peaks from DNA samples from the sites Bellata, Diggora and 
Yarrawonga as representative locations. 
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7.3.2. Gradients of environmental variables show correlation with changes in ssuD gene 
diversity across the geographical transect in wheat rhizospheres 
To evaluate whether ssuD gene diversity in wheat rhizospheres varies across the geographical transect, a 
preliminary unconstrained NMDS analysis was performed followed by a constrained analysis to test the 
significance of the explanatory variables. The unconstrained analysis was chosen to get an unbiased 
insight into the intra-sample diversity at the different locations.  
The information about environmental factors comprised the longitude and latitude, annual rainfall and 
rainfall in the month of September (at which time point the rhizosphere samples were taken), soil pH, soil 
conductivity and carbon (C), nitrogen (N) and phosphorus (P) content of the soil, as well as information 
about soil texture and the crop before wheat. 
Although the impact of different previous rotational crops on ssuD gene diversity has been shown in 
chapter 6, the variable “pre-crop” or antecedent crop could not be taken into account in the analysis 
performed in this chapter because of the lack of replication. At 50% of the sites canola was cultivated as 
crop prior to wheat while only one site was pre-cultivated with lentil, one site kept as fallow, and no 
information was available for the remaining 6 sites. Because of the high dispersion of the dataset (see 
chapter 2 section 2.6 “detrended correspondence analysis”), a suitable RDA- (Redundancy Analysis) or 
distance-based RDA-model could not be found. For this reason a subset of the dataset was analysed which 
contained only the samples from the sites where canola was grown prior to wheat (section 7.3.3).  
The soil texture differed between the sites. Soil texture was considered as a categorical variable, suffering 
the same lack of replication as pre-crop with only one representative with sandy loam (Teesdale), one site 
with loamy soil (Gerogery) and one site with clay (Bellata), while all other fields were represented by 
loamy clay (table 7.1. A and B). Further variables without replication, which are not included in the 
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multivariate analysis, but are likely to influence ssuD gene diversity are latitude and longitude. All 
variables, including categorical variables, are incorporated in the linear logistic regression model in 7.3.4.  
A characterisation of the different sampling locations described by environmental factors or explanatory 
variables is shown in figure 7.3. The environmental factors included in this principal component analysis 
(figure 7.3) are pre-harvest rainfall (mm), soil pH and conductivity and soil N-, P-, and C- content.  
As shown in figure 7.3 the locations Yarrawonga, Wunghnu, Teesdale, Diggora and Hamilton are 
characterised by higher N, P and C soil content while Condobolin and Canowindra show the highest pre-
harvest rainfall. While Kaniva, Bellata, Minyip and Gilgandra are all represented by a fairly high pH 
(>7.5) Temora, Teesdale, Minyip and Charlton have the highest conductivity in the dataset. 
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Figure 7.3: Distribution of 14 locations across NSW and Victoria where wheat rhizospheres were sampled described by environmental 
factors 
The ordination plot shows the different sampling locations among the gradient (low to high) of the PCA (Principal Component Analysis) of 
environmental variables (green arrows) soil pH, soil conductivity, soil Carbon, soil N and P content and pre-harvest rainfall.  
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Diversity of the ssuD gene between different sampling sites was higher than the inter-sampling-site 
diversity as revealed by the unconstrained NMDS analysis (non-metric multidimensional scaling) shown 
in figure 7.4. However, some samples showed a high inter-sampling site-variation. A closer look at the 
number of individual TRF`s (Terminal Restriction Fragment) per sample showed that the locations with 
samples with higher variability often had fewer total TRF`s compared with other samples, as for instance 
Teesdale and Gerogery with TRF-numbers in the range between 40 and 60 TRFs compared with other 
locations with up to 120 TRFs.  
The a posteriori overlay with the PCA of the environmental variables shows that the factors conductivity 
and pH are inversely related to the factors N-, P, and C-soil content and pre-harvest rainfall. 
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Figure 7.4: ssuD gene diversity in wheat rhizospheres across 15 locations in NSW and Victoria  
 
Each symbols shows the mean of the NMDS scores of the ssuD gene diversity at each location and the dashed lines represent the standard error.  
The blue arrows represent the PCA overlay of the environmental variables. Stress: 0.292. ANOSIM-significance p=0.001,  
ANOSIM statistic R=0.4094, Distance matrix: Jaccard. 
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With the limited information of the dataset, and with other factors impacting microbial diversity not being 
included in the analysis, only an approximate estimation about how environmental variables and ssuD 
gene diversity may co-vary can be made. The NMDS plot of ssuD gene diversity across the chosen 
sampling sites (figure 7.5) with the overlay of the gradient of the fitted environmental variables shows 
that the variables C, N and P show similar patterns while similarities between soil pH, conductivity and 
rainfall seem to occur. 
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Figure 7.5: ssuD gene diversity in wheat rhizospheres across 14 locations in NSW and Victoria in context with the environmental gradients 
The environmental variables carbon, nitrogen, phosphorus, conductivity, pH and pre-harvest rainfall in September are shown in coloured gradient 
lines (square root transformed) on the NMDS ordination plot of the distribution of ssuD gene diversity. Values of each gradient are presented on 
each line, and are correlated with ssuD gene diversity found at different locations. ANOSIM-significance p=0.001, ANOSIM statistic R=0.4094, 
Stress: 0.292. Distance matrix: Jaccard
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7.3.3. Diversity of the ssuD gene in wheat rhizospheres grown after canola is clearly 
influenced by soil-C-, N- & P- content and pH and pre-harvest rainfall 
Rotational crops of different plant families have been shown to have a significant influence on ssuD gene 
diversity in the rhizospheres of wheat plants (cultivar EGA Gregory), as shown for field pea-wheat and 
mustard-wheat rotations (chapter 6). In the dataset analysed under 7.3.2 the previous rotation crop before 
EGA Gregory is not known for all the sampling locations, but might well have contributed to changes in 
ssuD gene diversity. In the dataset for ssuD gene diversity of all 16 rhizosphere samples the dispersion 
was too high, thus only samples from wheat rhizospheres, grown after canola were chosen for the 
following analysis. This was considered as a useful approach to decrease the skewing of the dataset 
without decreasing the geographical range.  
In both datasets, the dataset of ssuD gene diversity from wheat rhizospheres containing all 15 sampling 
locations and in the dataset containing only rhizosphere DNA from wheat grown after canola the 
environmental variables N, P and C content of the soil are inversely related to the other factors pH, rain 
and conductivity, as shown in the PCA overlay of the NMDS plot (blue arrows in figure 7.4 and 7.6). 
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Figure 7.6: ssuD gene diversity among wheat rhizospheres grown after canola across a geographical gradient in NSW and Victoria 
The mean of the NMDS scores of the ssuD gene diversity at each location is shown through a symbol and the dashed lines represent the standard 
error. The blue arrows show the a posteriori overlay with the PCA of the fitted environmental variables. ANOSIM-significance p=0.001, ANOSIM 
statistic R=0.3418, Stress: 0.268. Distance-matrix: Jaccard
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The dispersion of the ssuD gene diversity in the selected samples of wheat rhizospheres grown after canola 
showed a too highly skewed distribution for the factor conductivity, therefore this factor was excluded 
from the constrained analysis per CAP (Constrained Analysis of Principal Coordinates).  
The forward selection though the permutation test of the full capscale model including the variables N, P, 
C, pH, and pre-harvest rainfall (Legendre & Legendre, 1998) revealed that P soil content was not 
significant. Thus, the full CAP model used only considered the factors with significance, including C, N, 
pH and rain (p<0.05) (see figure 7.7). As shown before, the environmental variables soil C and N content, 
which occur in a certain ratio (see section 7.4), seem to be correlated with ssuD gene diversity in one 
geographical direction. For instance, Charlton with the highest N-soil contents of the selected dataset is 
correlated with the fitted environmental variable N whereas high pH, as for instance at the location Minyip 
correlates with ssuD diversity at this location (see figure 7.7). 
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Figure 7.7: ssuD gene diversity among wheat rhizosphere samples grown after canola from different locations across NSW and Victoria 
The mean of the CAP scores of the ssuD gene diversity at each location is represented through a symbol and the dashed line shows the standard 
error. The permutation test for the CAP model revealed a significance of p=0.005. The significance of the CAP axis was CAP1 p= 0.005, CAP2 p= 
0.005, and CAP3 p= 0.01. The arrows present the fitted environmental vectors of the significant explanatory variables of the CAP model (p=0.01). 
Distance Matrix: Jaccard 
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7.3.4 Comparison of the results obtained by multivariate analysis with a logistic linear 
regression model 
The results obtained with multivariate analysis methods were compared to a logistic regression model of 
species co-occurrence among the samples, combining values obtained from the binary matrix representing 
single T-RFLP peaks, kindly developed by Dr Floris van Ogtrop, University of Sydney, Faculty of 
Agriculture and Environment. The results confirmed the trend of the above analysis (7.3.2) of the dataset 
of ssuD gene diversity in rhizospheres of all wheat samples. The environmental factors latitude, longitude 
and soil texture were taken into account as categorical variables. P-values for the significance of each 
factor are presented below (table 7.2).  
Table 7.2: p-values significance of factors correlating ssuD gene diversity across a geographical gradient in 
NSW and Victoria obtained through a linear logistic regression model. 
Coefficient: p-value 
Latitude 3.17e-05*** 
Longitude 0.003568** 
Soil Texture: loam 2.67e-5*** 
Soil Texture: loamy clay 1.37e-15*** 
Soil Texture: clay <2e-16*** 
pH (H2O extraction) 0.006747** 
C (mg kg-1) 0.008603** 
N (mg kg-1) 0.000715*** 
P (mg kg-1) 0.661832 
Conductivity (ds/m) 0.120926 
Rain (mm) 28e-05*** 
Significance codes: ***: p < 0.001, **: p = 0.001, *: p = 0.01, no *: p > 0.01 
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7.3.5 Diversity of the ssuD gene in canola-rhizospheres correlates with changes in soil C 
content 
Across the geographical gradient of NSW and Victoria (7.3.2), rhizosphere samples were retrieved from 
canola rhizospheres from the single cultivar Hyola 555TT. The locations for the canola dataset comprised 
Trangie, Temora, Gilgandra, Gerogery, Condobolin, Cudal and Bellata in NSW and Yarrawonga, 
Wunghnu, Teesdale, Minyip, Kaniva, Hamilton, Diggora and Charlton in Victoria (see table 7.1.B). 
Due to lack of T-RFLP peaks in various samples, with the lowest peak number at 4 (cut-off at 20 T-RFLP 
peaks), the following multivariate analysis was only performed for the samples from the locations Bellata, 
Cudal, Diggora, Gerogery, Hamilton and Teesdale. The soil conductivity at all of the locations was 
constant at 0.1 dS/m, therefore this explanatory variable was not considered in the further analysis.  
The factor soil texture was treated as a categorical variable. The locations Teesdale and Gerogery had 
loamy soil, Diggora loamy clay and Cudal and Bellata clay as soil texture. The PCA with the ordination 
of the sampling sites in along the gradients of the environmental variables shows that Bellata has the 
highest pH (with 7.1), Teesdale, Hamilton and Cudal have the highest rainfall, whereas Diggora was found 
to be the location with highest soil N, P and C content (figure 7.8).
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Figure 7.8: Distribution of 6 locations across NSW and Victoria where ssuD gene diversity of canola rhizospheres was analysed in correlation 
with environmental factors 
The ordination plot shows the different sampling locations among the gradient (low to high) of the PCA (Principal Component Analysis) of 
environmental variables (green arrows) soil pH, soil conductivity, soil Carbon, soil N and P content and pre-harvest rainfall. 
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The unconstrained explanatory analysis with NMDS (figure 7.9 and 7.10) shows that ssuD gene diversity 
varies among the sites and that high soil C, N and P contents are inversely related to pH, rain and 
conductivity. The ssuD gene diversity at the sampling site Diggora correlates with high soil-contents of 
carbon and nitrogen, whereas ssuD gene diversity at Teesdale correlates with the highest rainfall of the 
dataset.  
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Figure 7.9: ssuD gene diversity in canola rhizospheres across locations in Victoria and NSW 
The mean of NMDS scores of ssuD gene diversity at each location is represented through a symbol of ssuD gene diversity at different sites are 
connected with dashed lines. The blue arrows represent the a posteriori overlay with the PCA of the environmental variables. ANOSIM-significance 
p=0.001, ANOSIM statistic R=0.5106, Stress: 0.17. Distance matrix: Manhattan. 
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As in the analysis of ssuD gene diversity in wheat (section 7.3.2 and 7.3.4), the trend persists that samples 
from sites with high N and C soil nutrient content, like Cudal and Teesdale group together while the 
samples from sites with high pH or rainfall and lower nutrient content show similar ssuD gene 
communities.
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Figure 7.10: ssuD gene diversity among wheat rhizosphere samples of canola 
The environmental variables carbon, nitrogen, phosphorus, conductivity, pH and pre-harvest rainfall in September are shown in coloured gradient 
lines (square root transformed) on the NMDS ordination plot of the distribution of ssuD gene diversity. Values of each gradient are presented on 
each line, and are correlated with ssuD gene diversity found at different locations. ANOSIM-significance p=0.001, ANOSIM statistic R=0.5106, 
Stress: 0.17. Distance matrix: Manhattan.
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The constrained analysis showed that the explanatory variables C, N, P, and pH were significant, while 
the factor rain showed a suggestive trend towards significance (p=0.06). It can be summarised that ssuD 
gene diversity is strongly correlated to soil organic C content in canola rhizospheres, whereas N, P, pH 
and rainfall are very likely to be correlated. Interestingly the locations Teesdale (clay) and Cudal (sandy 
loam) group together both in the NMDS and in the CAP-model. Although the geographical distance 
between the locations is approximately 830 km, they share relatively similar values for rainfall (58.2 and 
54.6 mm), pH (6.1 and 5.8), soil C-content (1.4 and 1 mg kg-1), soil N-content (23.8 and 29 mg kg-1) and 
soil P-content (42 and 50 mg kg-1). 
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Figure 7.11: ssuD gene diversity among canola rhizosphere samples from different locations across NSW and Victoria  
The mean of the CAP scores of the ssuD gene diversity at each location is represented through a symbol and the dashed line shows the standard 
error. The permutation test for the CAP model revealed a significance of p=0.005. The significance of the CAP axis was CAP1 and CAP2 p= 0.005, 
and CAP3 p= 0.033. The arrows present the fitted environmental vectors of the significant explanatory variables of the CAP model: N (p=0.03); P, 
C and pH (p=0.01) Distance Matrix: Jaccard.
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7.4. Discussion 
 
Canola and wheat rhizospheres show significant differences in the number of T-RFLP peaks. 
ssuD gene diversity as measured by T-RFLP-peak number was significantly higher in wheat 
rhizospheres compared to canola rhizospheres (figure 7.2).  
The results show that the location of the sampling site has a clear effect on ssuD gene diversity 
for both wheat and canola rhizospheres. The analysis described in section 7.3.2-7.3.5 was 
performed in order to understand how geographical proximity, including the climate 
associated with each location, and soil properties, such as nutrient content, pH and 
conductivity correlate with ssuD gene diversity. 
ssuD gene diversity in all wheat rhizosphere samples across the geographical transect was 
found to correlate with soil nutrient content including C, N and P, and with pH and pre-harvest 
rainfall (figure 7.4).  
Analysis of a limited dataset including only the rhizosphere samples from wheat grown after 
canola (for reasons described in 7.3.3), shows a correlation between ssuD gene diversity, C, 
N and pH (figure 7.6). The logistic linear regression OTU co-occurrence model confirms a 
correlation between the found ssuD gene phylotypes among the samples and the factors 
latitude and longitude, soil-texture, soil pH, C- and N-content and rainfall. No significant 
correlation can be found for the factors soil P content or soil conductivity. Although various 
different statistical approaches were used in this chapter (for reasons explained under 7.2) the 
finding that C, N, pH and rainfall correlate with ssuD gene diversity was consistent among 
the different analysis methods used (including NMDS, CAP and logistic regression models).  
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ssuD gene diversity in canola rhizospheres correlated with soil C and N content and in contrast 
to the ssuD gene diversity in wheat rhizospheres also correlated with P and pH. Rainfall wasn’t 
significantly correlated (p=0.06).  
The unconstrained analysis with NMDS and the constrained analysis using CAP in the 
datasets for wheat and canola both show that sites with similar values for soil nutrient content, 
pH or rainfall show similar ssuD gene communities, although they are geographically distant 
and characterised by different soil types (section 7.3.3. and 7.3.5). 
 
In summary:  
a) Canola rhizospheres contain fewer OTUs representing the ssuD gene in their 
rhizosphere than wheat rhizospheres. 
b) Various environmental factors including pH, N- and C-soil content, rainfall, pH, soil 
texture and latitude are correlated with ssuD gene diversity, and sites with similar 
environmental characteristics have a similar ssuD gene community, although 
geographically distant such as Cudal and Teesdale (see figure 7.1 and 7.9). 
c) The environmental factors correlated with ssuD gene diversity are different for wheat 
and canola rhizospheres.  
 
A correlation between plant species and the occurrence of distinct microbial communities has 
been established for various ecosystems, ranging from herb species in high mountain 
environments to agricultural plants growing in agro-ecosystems (Grayston et al., 1998, 
Ciccazzo et al., 2014). Plant exudates regulate plant-microbe interactions by a selection for 
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particular microorganisms depending on the plant-specific composition of the exudates, 
including sugars, amino acids and organic acids (Carvalhais et al., 2011, Zhang et al., 2014).  
Leguminous plants have been shown to attract beneficial microorganisms through the release 
of flavonoids and other chemo attractants in order improve root-rhizosphere interaction by 
facilitating the symbiosis with Rhizobium sp. and having a positive effect on mycorrhizal 
spore germination (Hassan & Mathesius, 2012). Brassicaceous species are known for their 
high sulfur demand (Abdallah et al., 2010).This fact makes it surprising that the diversity of 
a gene involved in the solubilisation of the organic sulfur compound sulfonate is lower in 
canola rhizospheres than in wheat rhizospheres. Two possible explanations for this 
observation could be either the recruitment of special ssuD gene species in canola 
rhizospheres through selective processes mediated by the composition of canola exudates or 
the fact that canola has a lower 16S rRNA diversity in its rhizospheres that are affected by the 
release of breakdown products of glucosinolates (Bressan et al., 2009).  
A further investigation of the cause of a lower ssuD gene diversity could clarify whether this 
lower diversity canola rhizosphere correlates to a decrease in overall microbial diversity or 
whether only ssuD gene diversity is affected independently, with no detectable effects on 
overall microbial communities. This could be achieved through the comparison of 16S rRNA 
gene diversity with the found ssuD gene diversity and by use of qPCR to quantify the number 
of ssuD gene copies in the rhizospheres of the compared plant species. Drastic changes in 
functional diversity in rhizospheres or soil, influenced by either a brassicaceous or a 
leguminous species might also explain the observed long-term effects of crop rotation on 16S 
rRNA and ssuD gene diversity described in chapter 6.  
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The findings from studies covering soil bacterial communities on 16S rRNA level across a 
range of environments suggest that pH is a major factor driving bacterial community 
composition (Lauber et al., 2009, Chu et al., 2010, Liu et al., 2014), while anthropogenic 
inputs, such as fertiliser N, also alter microbial communities across a biogeographical gradient 
(Ramirez et al., 2012). Bacterial diversity and richness was found to be highest in soils with 
neutral pH, whereas temperature, latitude and other variables that are known to predict 
diversity of plant and animal species were not correlated to overall bacterial diversity (Fierer 
& Jackson, 2006, Jones et al., 2009). Other studies suggest a strong impact of soil pH and C:N 
ratio of soils on the structure of microbial communities. Certain bacterial groups, such as 
Bacillus sp. and Clostridium sp., were correlated with soil pH and phosphate (Kuramae et al., 
2012). Changes in community composition due to nitrogen amendment were measured by 
pyrosequencing of bulk soil samples across the United States, showing that communities did 
react to nutrient input with similar mechanisms and a potential increase in carbon 
sequestration (Ramirez et al., 2012). A study about the effect of long-term amendment 
nitrogen fertiliser and organic carbon sources on 16S rRNA gene diversity measured with T-
RFLP found that nitrogen was the strongest driver for changes in the abundance of the studied 
taxa. Higher N levels led to a decline of slow-growing oligotrophic bacteria Acidobacteria, 
Gemmatimonadetes and Verrucomicrobia (Cederlund et al., 2014). These findings suggest 
that nitrogen amendment in particular benefits fast growing copiotrophs while oligotrophs, 
which are able to grow slowly under N-limited conditions, can’t compete (Fierer et al., 2012, 
Fierer et al., 2013, Cederlund et al., 2014). The change in environmental conditions might be 
a factor causing a shift in taxonomic diversity and functional diversity, as it can be found in 
rhizospheres of the different plants wheat and canola (7.3.2.-.7.3.5.). 
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However, the assumption that one, or various combined factors have a definable impact on 
soil microbial communities might be an oversimplified view, since each factor indirectly or 
directly influences the other factor. For instance microbially mediated enzymatic degradation 
of soil organic matter (SOM) and therefore soil C and N ratios is sensitive to temperature, and 
temperature-triggered increase of the C:N ratio is strongly dependent on the pH (Min et al., 
2014). Furthermore seasonal effects including temperature and precipitation have been found 
to strongly impact bacterial communities in pinyon-juniper woodlands (Pinus edulis, 
Juniperus Monosperma), with decreased abundance of fungi at lower soil moisture levels 
possibly directly affecting fungal carbon sequestration and therefore enhancing soil carbon 
content (Cregger et al., 2012). Recent findings about archaeal and bacterial diversity in pre-
agricultural tallgrass prairie soils show that precipitation levels, rather than soil edaphic 
factors, levels correlate with taxonomic diversity, as it is often described for animal and plant 
species (Fierer et al., 2013).  
It can be concluded that no generalisation is possible since rhizosphere communities are 
influenced by plant species and their individual reaction to environmental factors that may 
then determine microbial community structure.  
However, the findings described in this chapter, namely that pH, pre-harvest rainfall, C and 
N are correlated with ssuD gene diversity are in accordance with the results presented in 
section 7.3.3.-7.3.5., both suggesting that different sites across biogeographical transects show 
similar microbial communities when site specific properties, such as pH or nutrient content, 
are comparable. 
This observation is confirmed by a study about bacterial community composition and structure 
across a biogeographical gradient in arctic soils. Bacterial community composition was not 
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only comparable to the composition found at other latitudes across the globe in richness, 
variability and phylogenetic diversity, but was mainly determined by pH rather than 
geographical proximity (Chu et al., 2010).  
All of the biogeographical studies cited above have investigated overall 16S rRNA gene 
microbial diversity. Much less is known about whether functional genes show similar 
responses to changes in environmental conditions as genes determining overall species taxa. 
The question is whether the findings for overall microbial diversity can be directly transferred 
to the functional diversity, or whether functional traits detectable through different functional 
genes have evolved independently from phylogenetic proximity across the geographical 
gradient (Torsvik & Ovreas, 2002).  
16S rRNA gene analysis of cloned metagenomes from 3 different arid soils suggested that the 
DNA contained a similar distribution of major bacterial phyla. However the collection of 
functional genes responsible for the synthesis of secondary metabolites was completely 
distinct (Reddy et al., 2012). On the other hand, a high correlation between taxonomic and 
functional diversity of known protein coding genes was observed in soil microbes of tallgrass-
prairie soils (Fierer et al., 2013). The results of studies comparing 16S rRNA diversity and 
diversity of functional genes might differ greatly depending on the functional gene observed. 
Mechanisms such as horizontal gene transfer (HGT) play an important role in shaping local 
functional communities by enabling microorganisms to survive under harsh conditions by 
acquiring the necessary functional genes from other organisms (Wiedenbeck & Cohan, 2011). 
Overall and functional diversity may or may not be congruent with overall microbial diversity, 
probably depending on the functional gene investigated.  
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The question remains, are the determining factors in community composition and abundance 
found on 16S rRNA gene level also applicable on a functional level? 
 
Recent research has declared pH as the major driver of overall microbial diversity. Together 
with other soil chemical properties, pH explained up to 85% of the spatial variation in 
community abundance of total bacteria, nitrate-reducers, denitrifiers and ammonia-oxidisers 
which were assessed using qPCR across 107 sites. The 107 sites were located in Burgundy, 
France, and included grassland, forest, agricultural soils, vineyards and orchards (Bru et al., 
2011). pH also explained bacterial diversity and community dissimilarity in a multiscale 
assessment of more than 1000 soil cores across Great Britain, measuring 16S rRNA gene 
diversity with T-RFLP, underlining the role of pH in structuring bacterial taxa (Griffiths et 
al., 2011). 
 
On a global scale these findings are important to make predictions about the interactions 
between pH and soil microbes, changes in rainfall and temperature at given soil edaphic 
factors, possibly influencing C-sequestration capacities of soils. On an agronomic level, the 
understanding of changes in functional gene diversity of genes involved in microbial nutrient 
solubilisation, contributing to plant nutrition, such as the ssuD gene, can be a tool to develop 
more adapted strategies for soil-carbon and fertiliser management and pH optimisation in the 
field. Environmental factors influencing ssuD gene diversity have been investigated in this 
chapter. To make these findings applicable for agronomical use, it is necessary to identify the 
key organisms responsible for sulfonate solubilisation that contribute efficiently to plant S 
nutrition across a range of environmental conditions. Furthermore, it must be established how 
268 
 
the identified organisms can be either promoted within an agricultural system or efficiently 
used as inoculants.  
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Chapter 8 
General Discussion 
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8.1. Introduction  
Rhizosphere microbial diversity has a major impact on soil functions, such as nutrient cycling, 
in natural ecosystems as well as in agricultural cropping systems. Rhizosphere 
microorganisms are involved in plant growth promotion and plant-stress responses through 
the release of hormones and provide a range of extracellular enzymes (Burns et al., 2013). 
Microbial enzymes involved in nutrient cycling are able to solubilise otherwise plant-
unavailable nutrients such as organically bound sulfur (S) or organically or mineral-bound 
phosphorus (P). Knowledge about the impact of agricultural measures on overall and 
functional microbial communities can give further insight into community function 
(Nannipieri et al., 2003). 
Alkanesulfonate monooxygenase (SsuD) is a bacterial enzyme involved in the conversion of 
alkanesulfonates to sulfite and the corresponding aldehyde. Since sulfonates are a major pool 
of organically bound S in soils, bacterial sulfonatases play an important role in sulfur-
mobilisation and thus plant nutrition (Kertesz et al., 2007). 
This study investigated whether agricultural treatments can affect 16S rRNA microbial 
diversity and ssuD gene diversity in wheat rhizospheres. Wheat field trials were subjected to 
a range of treatments which are commonly used in agriculture. The range of agricultural 
measures comprised the use of five different wheat genotypes with different root structures 
(chapter 5), crop-rotations with leguminosae and brassicaceae (chapter 6), two different levels 
of N-fertiliser (chapter 6), inoculation with the PGPR Azospirillum brasilense sp. and 
Herbaspirillum seropedicae (chapter 4). Parallel pot and mesocosm trials were set up using 
the agricultural soil from the field trial (with the addition of 1:1 (v/v) sand) to investigate the 
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effect of five wheat cultivars, inoculation with A. brasilense and the effect of crop rotation on 
root structure, overall and ssuD gene microbial diversity. The results regarding overall and 
ssuD gene diversity were concordant in field and pot trials. 
The bacterial inoculum A. brasilense was tested for its effects on plant growth and root 
structure in pot and mesocosm experiments. In addition A. brasilense and H. seropedicae were 
assessed for their ability to solubilise a range of sulfur sources in order to evaluate whether 
the inoculants can contribute to plant sulfur nutrition, besides multiple other plant-growth 
promoting effects, as the synthesis of IAA (indole-3-acetic acid) or through biological 
nitrogen fixation (chapter 4). Furthermore rhizosphere ssuD gene diversity in wheat and 
canola fields from 15 locations across NSW and Victoria was measured and correlated to 
environmental factors (chapter 7).  
For the assessment of ssuD gene diversity in rhizospheres, a pair of degenerate primers with 
double-labelled fluorescent markers was designed, and a T-RFLP protocol was developed 
(chapter 3). The specificity and coverage of the ssuD gene-diversity of the primer pair 
ssuD_209F & ssuD_1001R with a product size of 792 bp was confirmed through the creation 
of a clone library (chapter 3). The molecular fingerprinting approaches T-RFLP and DGGE 
were compared to evaluate the effect of wheat genotype and inoculation on 16S rRNA gene 
diversity. At this point the main outcome of the developed method was to detect, which 
agricultural measures, or, geographical and climatic, as well as soil edaphic gradients had an 
effect on ssuD gene diversity. As a further step is important to compare whether 16S rRNA 
gene diversity is affected in a similar way. A further analysis with the primer pair ssuD_209F 
& ssuD_1001R (which was designed suiting next generation sequencing approaches) can 
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identify key organisms responsible for sulfonate mobilisation. Furthermore, a detailed 
analysis correlating soil S, S plant nutrition status and dominant ssuD mobilising organisms 
can help to find efficient sulfonate mobiliser under S-limited conditions. This can lead to the 
development of inoculants that may be used either as single or mixed inoculants, and can also 
help to include the strategies investigated in this project (choice of genotype, inoculation, 
crop-rotation, N-fertilization etc.) to tailor crop management strategies to promote sulfonate 
mobilisers, thus using the soil organic S pool efficiently.  
 
 
8.2. Impact of agricultural measures on overall and functional microbial 
communities in crop-rhizospheres 
Agricultural management systems, such as organic and conventional farming, have been 
shown to impact the physical, chemical and biological properties of soil (Montes-Borrego et 
al., 2013). Crop management practices affecting overall and functional microbial 
communities include the choice of plant cultivar (Marques et al., 2014), choice of the tillage 
system (Welbaum et al., 2004), application of organic or mineral fertiliser at different amounts 
(O'Donnell et al., 2001, Birkhofer et al., 2008), and use of pesticides (Moorman & Dowler, 
1991, Gupta et al., 2013). Only considering the impact of a single isolated measure on overall 
and functional soil microbial diversity can help to give a more detailed picture about how to 
manage soil function in a defined environment. Understanding how single measures used in 
wheat cropping systems impact overall microbial diversity and how those changes relate to 
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ssuD gene diversity can provide the knowledge to create agricultural approaches to influence 
microbial sulfur cycling and soil health in a defined farming environment.  
 
8.2.1. Effects of plant genotype on overall microbial and functional communities 
Many recent studies show the impact of plant cultivar, including various species, such as 
tomato, potato, clover, corn and wheat, on associated rhizosphere microbial communities 
(Aira et al., 2010, Inceoglu et al., 2010, Zancarini et al., 2012, Marques et al., 2014). These 
findings are important to understand the fine-scale mechanisms behind plant-microbial 
interactions. Genotype specific properties influencing rhizosphere microbial communities 
include genotype-specific exudate composition and individual plant root structures. 
Knowledge about root-microbe interactions can lead to the development of adapted plant-
genotypes, but also help defining plant-breeding approaches, which are optimising exudate 
composition in order to promote plant-microbe interactions (Bertin et al., 2003, Watt et al., 
2006, de Graaff et al., 2013). Studying responses of microbial functional communities to 
different treatments gives understanding of how nutrient-cycling in the rhizospheres can be 
influenced. In addition, insight is given about whether changes in overall and functional 
community structure are correlated or occur independently of each other (Torsvik & Ovreas, 
2002, Bailey et al., 2013).  
While many studies about wheat genotype specific properties do not always consider 
rhizosphere microbial communities as an important genotype-associated trait, this association 
can be of importance for plant- health and nutrient status. For example distinct wheat 
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genotypes cultivated for 3 successive cycles of 28 days have been shown to induce soil-
microbial organisms, which are antagonistic to rhizoctonia root rot in apple (Rhizoctonia 
solani, as for instance Pseudomonas fluorescens (Mazzola & Gu, 2002). In addition to plant 
genotype specific microbially mediated pathogen-resistance, microbial communities 
associated with individual plant genotypes can solubilise nutrients and therefore increase plant 
nutrient efficiency (Rengel & Marschner, 2005). Microbial communities in P-efficient and P-
inefficient wheat genotypes assessed by PFLA and DGGE revealed significant differences, 
and plant growth and P uptake in both genotypes were positively correlated with microbial P 
and acid phosphatase activity (Marschner et al., 2006). While it is generally assumed that 
plant-cultivar related changes in rhizosphere microbial communities are caused by genotype-
specific exudate composition, roots of different genotypes can also be distinguished by other 
traits, such as root morphology which can have an impact on water and nutrient availability 
to the plant. The five genetically different wheat genotypes used in this study showed clear 
differences in root structure and plant morphology (chapter 5). ssuD gene diversity in the 
rhizosphere of the five different wheat genotypes differed significantly, while no significant 
differences could be revealed for the 16S rRNA gene diversity using T-RFLP. 
Conclusions about genotype-related changes in 16S rRNA gene community structure are 
diverging, depending on the time-point of sampling. Time related differences in community 
composition can be due to plant-vegetative state, sampling year, environmental conditions and 
cultivation history. T-RFLP analysis of 16S rRNA genes investigating microbial communities 
in genetically distant wheat genotypes in a field trial at Narrabri at different vegetation states 
found no impact of wheat genotype on microbial communities (Paola Cornea, pers. comm.). 
However, another study revealed genotype-correlated differences in field-grown wheat 
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rhizosphere communities, which were coupled to sampling year and vegetation state, as well 
as cultivation- history of the wheat field and rotation (Donn et al., 2014).  
Genotype related differences are not only including bacterial but also fungal communities, 
since wheat genotypes can also differ significantly in the level of mycorrhizal colonisation 
(Nelson et al., 2011). 
Although changes on taxonomic microbial level must not be congruent with changes in 
functional groups, as shown in the case of this study where no significant wheat-genotype 
effect on 16S rRNA gene diversity could be detected while ssuD gene diversity varied 
significantly in the rhizospheres of the five investigated wheat genotypes. Defining the term 
functional diversity based on what micro-organisms do, rather than on their evolutionary 
history (Petchey & Gaston, 2006) may be of huge relevance looking at microbial diversities. 
In particular horizontal gene transfer (HGT) can cause functional adaption of taxonomically 
unrelated organisms under particular environmental conditions (Musovic et al., 2006).  
While studies about rhizosphere functional microbial communities in wheat are limited, a 
range of other plants with agricultural importance have been investigated for genotype related 
effect on rhizosphere microbial populations involved in nutrient cycling.  
Different potato-genotypes had an effect on overall rhizosphere microbial communities and 
the rhizosphere diversity of the asfA gene which is also involved in the desulfonation process 
(Schmalenberger et al., 2008, Inceoglu et al., 2010). Similar to the results on the level of 
functional gene diversity for the asfA-gene in potato rhizospheres and the ssuD gene in wheat 
rhizospheres, plant-genotype affected nifH- gene-diversity of rice-root associated microbial 
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communities in different rice-genotypes (Tan et al., 2003, Sasaki et al., 2013) or nifH-gene 
diversity in 10 distinct genotypes of hairy vetch (Vicia villosa) (Mothapo et al., 2013). 
The findings about plant-genotype associated changes in overall and functional rhizosphere 
microbial communities are crucial to understand the process of microbial nutrient cycling, and 
further insight into the mechanisms of this plant microbe interactions is necessary to develop 
plant breeding-strategies. For this purpose, single-point mutations in plants in model-
rhizospheres can be used to observe the associated changes in microbial consortium structure 
(Bodenhausen et al., 2014). On the one hand, synthetic microbial communities, which use 
selected microorganisms to create a model rhizosphere, allow the generation of defined 
systems with reduced complexity (Grosskopf & Soyer, 2014), while, on the other hand, the 
reduced complexity can bear the risk of not being applicable to real ecosystems.  
  
8.2.2. Effect of PGPR inoculation in vitro, in vivo & in the field (in campo) 
The use of microbial inoculants, such as the A. brasilense and H. seropedicae, is considered 
a useful measure to increase yields in agricultural crops including wheat, corn and sugar cane 
(Okon & Labanderagonzalez, 1994, Dobbelaere et al., 2001). Plant growth promotion and 
thus yield increases are either due to hormonal effects or biological nitrogen fixation (BNF) 
(Okon & Labanderagonzalez, 1994, Vessey, 2003, Kennedy et al., 2004).  
Inoculation with A. brasilense and Herbaspirillum seropedicae slightly promoted the growth 
of the 5 wheat genotypes after 6 weeks (chapter 4). However, by grain filling no significant 
effect of inoculation on plant or root growth promotion was found. Plant growth promotion 
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attributed to A. brasilense causes changes in root elongation, development of lateral and 
adventitious roots, root hairs and branching of root hairs. Most studies showing root and shoot 
promotional effects of A. brasilense were conducted in vitro, or in short-term pot trials, but 
not over a period of 18 weeks (Bashan & de-Bashan, 2010). The plant growth promotional 
effect of A. brasilense seems to be very pronounced at seed germination and during seedling 
growth (Cassan et al., 2009, Masciarelli et al., 2013). Many studies also report significant 
positive plant growth promotion by A. brasilense inoculation in the field (Okon & 
Labanderagonzalez, 1994) which might be due to the often observed plant growth promotion 
at an early seedling stage.  
An efficient interaction between inoculum and agricultural host plant depends on various 
factors, including survival of the inoculant, successful colonisation of the root, conditions of 
the soil environment (moisture, pH, soil type), the competitiveness of the native rhizosphere 
population and also host-inoculum compatibility (Bashan et al., 2014).  
Reported survival rates of microbial inoculants in rhizospheres and bulk soils greatly differ, 
depending on soil habitat. For instance, a complete disappearance of A. brasilense populations 
was reported at already 35 days after inoculation at different locations in semiarid soils in 
Israel, which is comparable to the time frame observed in this study, while strains survived 
for periods over 50 days in other locations under arid conditions (Bashan et al., 1995) . This 
shows that the survival rates and thus the plant-growth promotional effect of A. brasilense and 
other PGPR inoculants is depending on soil factors such as pH, soil-water content, soil texture 
and soil native microbial population. For instance, N2 fixing soil microbial communities in 
fumigated soils withstood the fumigation treatment in soils with higher clay contents 
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compared to soils with a sandy texture, pointing out the importance of soil aggregates for the 
survival of diazotrophic communities under unfavourable conditions (Gupta & Roper, 2010). 
In the context with the findings about the effect of aggregate structure on A. brasilense 
survival rates in soil, it must be considered that all soils used in this study, contained 50% 
coarse sand (see chapter 2) which could have decreased the survival rates of A. brasilense in 
the wheat rhizospheres.  
Another factor influencing the performance of inoculants in soil is the use of mineral fertilisers 
and pesticides which might affect the nitrogen-fixation-efficiency and metabolic activity of 
inoculum strains (Salmeron et al., 1991, Gomez et al., 1998, Procopio et al., 2011). Long-
term studies suggest that seed yield increases through inoculation with A. brasilense and A. 
lipoferum only occur at low N fertiliser level. Therefore inoculants can fail to display plant-
growth promotional effects in high input agro-systems (Kapulnik et al., 1987, Veresoglou & 
Menexes, 2010). This may be due to a reduced activity of nitrogenase, which is inhibited by 
high concentrations of nitrogen, limiting microbial nitrogen fixation (Gentili & Huss-Danell, 
2003). 
The effect of inoculation on microbial communities depends on the ability of the strains to 
survive in the rhizospheres, to colonise host roots successfully and to form a long-term 
relationship with the host by competing with the native rhizosphere populations. While no 
significant effect of inoculation with A. brasilense was observed in the rhizospheres of corn 
(Zea mays), after 10, 20, 30 and 40 days, grown in a sandy loam, plant age had significant 
effects on rhizosphere 16S rRNA gene diversity (Lerner et al., 2006). Rhizospheres of 
sorghum (Sorghum bicolour) growing in degraded desert soils inoculated with an A. 
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brasilense and Chlorela sorokiniana containing organic material first showed significant 
changes in microbial communities, compared to the untreated controls. However, two month 
after the inoculation the rhizospheres showed no significant differences to the control 
treatment (Lopez et al., 2013).  
The starting assumption of this study was that A. brasilense inoculation can cause changes in 
overall microbial diversity within a limited time-frame and depending plant host compatibility 
and environmental conditions such as competing native microbial populations in the soil. 
However, as shown in chapter 4, the comparison between uninoculated plants with plants 
inoculated with the strains A. brasilense and H. seropedicae showed significantly higher 
numbers of cfu of the strains in the plant rhizospheres and an associated plant growth 
promotion of the inoculated plants only for a period of 4 weeks. At the same time no 
significant changes in 16S rRNA gene or ssuD gene diversity were detected after 18 weeks in 
a pot trial or after 143 days in a field trial. These results can mean that if overall and functional 
microbial communities undergo changes, these are only temporarily and occur in the same 
time frame as the effects of plant growth promotion through A. brasilense.  
 
8.2.3. Interaction of rotation history and N-fertiliser level 
Crop rotations have been used through the history of agriculture to positively affect nutrient 
cycling and to interrupt disease cycles (Malhi & Lemke, 2007, Moussart et al., 2013, Bernard 
et al., 2014). Oilseeds, which are commonly used in crop rotations for the breaking of disease 
cycles and because of the growing demand of bio-diesels in particular in Europe (Krupinsky 
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et al., 2002, Boehmel et al., 2008), have a high demand for sulfur. To meet the high S demand 
of oilseeds, sulfur, and in particular sulfonates need to be mobilised by rhizosphere 
microorganisms in times of inadequate sulfate supply (Grant et al., 2012). In contrast to 
oilseeds, which are characterised by their high S demand, leguminosae and their symbiosis 
with rhizobia are used in crop rotations to supply soils with nitrogen through biological 
nitrogen fixation. 
Different plant species can be used in crop rotations for the purpose of influencing rhizosphere 
microbial communities and to create a specific microbial habitat in the rhizosphere (Ofek et 
al., 2014). Differences in rhizosphere microbial communities even occur in related plant 
species, and are assumed to be due to different exudate composition of the host plant (Siciliano 
& Germida, 1999). Rhizosphere microbial communities of three Poaceae including wheat 
(Triticum aestivum), ryegrass (Lolium perenne) and bentgrass (Agrostis capillaris) differed 
significantly in their sole carbon source profiles assessed with BIOLOG (Grayston et al., 
1998).  
Very recent studies show that plant species does not only affect rhizosphere microbial 
communities during plant growth, but also exerts effects on the rhizospheres of subsequent 
crops, influencing rhizosphere microbial communities on an overall and on a functional level 
(Maul et al., 2014, Reardon et al., 2014). The results in chapter 6 of this study show that 
rhizosphere 16S rRNA and ssuD gene diversity in sorghum and wheat were affected by a 
previous legume (field pea) and brassica (Indian mustard) rotation-crop for more than one 
rotation. Due to the persistent effects of the previous crops Indian mustard and field pea on 
subsequent overall and functional microbial diversity in sorghum and wheat, the use of both 
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plants in crop-rotations can be a powerful tool, not only to manage soil health, but also to 
influence microbial nutrient cycling.  
Recent research has started to investigate the effect of interactions between multiple variables, 
such as genotype and soil type (Inceoglu et al., 2012), fertiliser amendment, genotype and 
environmental conditions (Tan et al., 2003), genotype and inoculation (Correa et al., 2007) or 
inoculation, intercropping and growth stages (Zhang et al., 2011) on root-associated overall 
and functional microbial communities. Rhizosphere microbial diversity in natural and 
agricultural ecosystems is impacted by multiple factors and the interactions between two or 
more factors. For example the effect of different plant species in different soils, amended with 
two different N-fertiliser levels, showed that the interaction between plant species, root zone 
and as soil type significantly influenced microbial rhizosphere communities, while N-fertiliser 
level didn’t (Marschner et al., 2001). In contrast to these results, other studies testify an impact 
of N-fertiliser level and the form of the applied N-fertiliser on overall and functional soil 
microbial communities (Donnison et al., 2000, Parfitt et al., 2012, Ramirez et al., 2012, Li et 
al., 2014).  
Combined crop rotation and altered fertiliser levels have been described as useful tool to 
manage soil-borne disease cycles in potato (Honeycutt et al., 1996). However, it is yet hardly 
understood what effect the combination of crop rotation and altered fertiliser levels has on 
microbial communities responsible for nutrient cycling. In contrast to wheat, grown after 
mustard and sorghum, wheat-rhizosphere overall microbial and ssuD gene communities of 
wheat, grown after field pea and sorghum was affected by N-fertiliser level. A possible 
explanation for this observation can be that nitrogen fixing organisms, which were associated 
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with the leguminosae field pea, have remained in the bulk soil and colonised wheat roots were 
more affected by changes in N-fertiliser regime than the microbial populations associated with 
previous mustard plants. It was shown that high levels of nitrogen are correlated with shifts in 
microbial community composition and are likely to be linked to shifts in functional 
capabilities (Fierer et al., 2012, Ramirez et al., 2012). 
Furthermore differential findings for responses to N-fertiliser level after different pre-crops 
can be possibly explained by mustard having strong negative effects on rhizosphere microbial 
diversity. Indian mustard secrets bio-fumigants, such as glucosinolates which can have a 
detrimental effect on particular taxonomical groups. Active rhizosphere microbial populations 
of Alphaproteobacteria, particularly Rhizobiaceae and fungal communities have been shown 
to be negatively affected by these brassicaceous metabolites in structure and composition 
when exposed to increased levels of isothiocyanates (Bressan et al., 2009).  
 
8.2.4. Soil-geographical factors correlated to ssuD gene diversity 
Considering the described effects of plant genotype (section 8.2.1.), inoculation-strain (section 
8.2.2.), fertiliser level or crop rotation (section 8.2.3..) on overall microbial communities, 
which have been tested in a field experiment at one location with certain environmental 
properties (soil texture, soil pH, soil C, N, P content, climate), the question is, how ssuD gene 
diversity changes under different environmental conditions associated with different locations 
across a geographical transect. To apply the observations about the effects of different 
treatments on overall and ssuD gene diversity, which were all made under certain field 
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conditions, it is important to gain a broader understanding about how ssuD gene diversity is 
correlated with changing soil-edaphic and climatic conditions, and other factors determined 
by soil-type and management such as soil-pH and soil nutrient content.  
To assess ssuD gene diversity on a broader scale, rhizosphere samples from wheat (EGA 
Gregory) and canola (Hyola555TT) were collected from 15 locations across NSW and 
Victoria. The factors Longitude, Latitude, pre-harvest rainfall, and the soil texture, soil pH, 
soil carbon content, and soils N and P content and conductivity were tested for their correlation 
with changes in ssuD gene diversity. While an increasing number of studies has investigated 
microbial communities based on the 16S rRNA gene in a broad range of geographical 
gradients and in different eco-systems ranging from arctic deserts to mixed forests in 
temperate climates (Fierer & Jackson, 2006, Jones et al., 2009, Chu et al., 2010, Landesman 
et al., 2014), research about the diversity of functional genes at a broader spatial scale is 
necessary to understand the influence of geography and different soil conditions on the 
function of soil microbial communities. 
Similar to findings for 16S rRNA gene diversity across different ecosystems and continents 
mentioned above, ssuD gene diversity in wheat rhizospheres across the 15 sampling sites was 
significantly correlated to changes in soil pH. Furthermore the factors pre-harvest rain, soil 
texture, and C and N content of soils were significantly correlated with ssuD gene diversity 
(chapter 7). Soil P-content was only correlated to ssuD gene diversity in canola-rhizospheres, 
and had no significant effect in wheat rhizospheres.  
While water availability is one of the major factors determining microbial life in all 
environments including soil, and therefore has a crucial meaning for soil carbon sequestration 
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and N fixation (Ju et al., 2010, Van Veen et al., 1997), soil texture plays an important role for 
water availability and accessibility for all soil inhabiting organisms. Soil texture (specific 
particle size) is of importance when it comes to bacterial motility and water retention potential, 
and other factors determined by soil type and soil carbon content, such as cation-exchange-
capacity, are also influencing microbial communities (Marschner et al., 2001, Liang et al., 
2006, Chau et al., 2011, Xue et al., 2013). Overall microbial diversity is fundamentally 
influenced by soil carbon and nitrogen, being major compounds of plants, soil inhabiting 
insects and microbes. Similar to those findings, C and N content and pH in this study were 
correlated with changes in ssuD gene diversity across a range of different soil textures and 
amounts of pre-harvest rainfall. Soil pH is a major driver of overall microbial communities 
across various continents (Jones et al., 2009, Griffiths et al., 2011, Feng et al., 2014). In 
contrast to plants and animals, which are influenced by distal parameters, such as geography 
and climate, soil microbial diversity is more correlated to soil properties including pH and soil 
type but also to land use (Ranjard et al., 2010). pH changes in different root compartments 
impact the associated rhizosphere community (Marschner et al., 2004).  
Although it is not clear, whether alkanesulfonate monooxygenase-mobilising communities are 
influenced by C and N soil content, or whether C and N are influenced by ssuD gene diversity, 
a clear correlation of ssuD gene diversity and C:N ratio was shown. While soil type and pre-
harvest rain are factors determined mostly by location, factors, such as soil nutrient content 
and pH, are often affected by agricultural practices such as the application of acidifying or 
alkalinising fertilisers, stubble retention and reduced tillage (Riley & Barber, 1971, Thomson 
et al., 1993, Gadermaier et al., 2012, Zhao et al., 2013). This can mean that ssuD gene 
diversity can be influenced by agricultural practices across different soil types and climates.  
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8.2.5. Impact of N-fertiliser level on 16S rRNA and ssuD gene diversity 
Evidence is growing that levels of N-input do not only influence overall gene diversity and 
genes involved in nitrogen-cycling, but also a broad range other genes responsible for nutrient 
cycling which are simultaneously impacted by C:N rations and pH (Xue et al., 2013, Van 
Zwieten et al., 2014). In accordance to the results described in chapter 6, where different N-
fertiliser levels in wheat had an impact on 16S rRNA and ssuD gene diversity, and chapter 7, 
where ssuD gene diversity was correlated with soil N content, another study showed that the 
effect of high and low N-input correlated with the abundance and diversity of genes involved 
in C-, N-, P- and S-cycling in soil cores undergoing a wheat-soybean-corn rotation. Farming 
approaches with different types and levels of N-input (organic, low input and high input), 
showed a clear effect on genes involved in denitrification and ammonification. Furthermore 
microbial phosphorus and sulfur cycling were influenced. The abundances of genes for 
exopolyphosphate utilisation (ppx), genes involved in adenosine phosphosulfate (aprA) and 
sulfite reduction (dsrA) and in sulfur oxidation (sox) were significantly lower in the high input 
system than in the low input or organic farming treatment (Xue et al., 2013).  
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8.3. Summary/Conclusion  
The diversity of sulfonate-mobilising bacteria in soil is largely impacted by environmental 
factors. Environmental factors can be influenced through agricultural measures influencing 
parameters such as pH, soil water-content, soil carbon and nitrogen content. In addition wheat-
cropping decisions, such as choice of cultivar, rotation, N-fertiliser regime, are also important 
and interactions between the various factors are correlated with changes in microbial diversity. 
Overall 16S rRNA diversity and ssuD gene diversity are both affected by interactions between 
rotation and N-fertiliser level. ssuD gene diversity is affected by wheat genotype, but not 16S 
rRNA diversity, pointing out the importance of distinguishing overall and functional microbial 
diversity changes.  
This means that the investigated measures, such as choice of cultivar, rotation and N-fertiliser 
level, can change rhizosphere ssuD gene diversity and thus possibly influence microbial 
sulfonate mobilisation in agricultural soils, depending on the given environmental conditions. 
Future research should focus on investigating, which changes in sulfonate mobilising 
communities take place under different treatment regimes, and whether there is a positive 
impact on plant S nutrition resulting from dominant sulfonate mobilising organisms among 
the different treatments. A link between the ssuD gene and plant S status can possibly be 
established through the identification of dominant organisms involved in sulfonate 
mobilisation, and correlating identity and abundance of those organisms to plant S status, with 
the help of model rhizospheres, or through proof of a direct link between a bacterial gene and 
plant S status through the use of knock out mutants, which may or may not be able to promote 
plant growth, when compared to the wild type strain (Kertesz & Mirleau, 2004, Lee et al., 
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2002). After gaining more information about identity (through pyrosequencing approaches) 
and abundance of efficient sulfonate mobilising communities (through qPCR), the application 
of the described treatments can become a useful tool to manage S mobilising communities. 
Management options can include the active promotion of key sulfonate mobilising key-
organisms through breeding approaches and choice of plant cultivar, or by influencing soil 
conditions, such as pH, structure, organic matter and content of nutrients correlated with S, 
including C, N and P, by tillage, fertilization or crop rotation. Other use of the sulfonate 
mobilising potential of rhizosphere organisms can be the identification of organisms with a 
high efficiency in sulfonate mobilisation, which perform well under a range of environmental 
conditions, and their application as plant inocula.  
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8.4. Outlook: linking the findings 
Since treatments, such different levels of N-fertiliser, different rotational plants and various 
wheat cultivars influenced ssuD gene and overall microbial diversity, the question is, how 
microbial cycling of other nutrients essential for plant growth, such as N and P, are affected 
by the listed measures. Linking the changes in functional communities to plant nutritional 
status will make the outcomes of this study applicable for agricultural practice. Therefore it is 
suggested that 
1. A parallel assessment of genes involved in phosphorus-mobilisation (phoA, phoD, 
phoX) or in biological nitrogen fixation (nifH) is carried out using T-RFLP for 
fingerprinting and next-generation sequencing approaches for the identification of the 
key organisms.  
2. Measurements are made to determine whether the observed changes in ssuD gene 
diversity, and possibly changes in N-fixing and P mobilising communities (1.) 
correlate with plant nutrition status, yield and quality.  
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